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Series 1: Foundations of Gibbs Function in
Physical Chemistry

Part 1 Concept and Definition of Gibbs Function

e 1.1.1 Historical background of Gibbs Function
e 1.1.2 Definition and mathematical formulation
e 1.1.3 Physical significance in chemical systems

Part 2 Properties and Applications of Gibbs Function

e 1.2.1 Relationship with spontaneity of reactions
e 1.2.2 Gibbs Function and equilibrium conditions
e 1.2.3 Practical examples in chemical thermodynamics

Part 3 Extensions of Gibbs Function in Physical Chemistry

e 1.3.1 Gibbs Function in phase transitions
e 1.3.2 Gibbs Function in electrochemical systems
e 1.3.3 Limitations and scope of Gibbs Function

Introduction

In chemical sciences, predicting whether a reaction will occur spontaneously is one of the most
important questions a chémist can ask. The Gibbs Function, also known as Gibbs free energy,
provides a powerful tool for answering this question. It connects energy changes in chemical
systems with equilibrium and spontaneity, making it central to the study of physical chemistry.
By exploring its foundations, you will gain insight into how chemical processes are driven and
controlled, which is essential for understanding the broader themes of thermodynamics and
kinetics in this course.

The aim of this Series is to introduce you to the fundamental aspects of Gibbs Function, to
explain its properties and applications, and to demonstrate how it extends into different areas of
physical chemistry. By the end of this Series, you will be able to define, analyse, and apply
Gibbs Function to chemical systems with confidence.

We shall commence this Series by examining the concept and definition of Gibbs Function,
including its historical background, mathematical formulation, and physical significance. Next,
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we will move on to its properties and applications, focusing on how Gibbs Function relates to
spontaneity, equilibrium, and practical examples in thermodynamics. Finally, we will conclude
by considering extensions of Gibbs Function in physical chemistry, such as its role in phase
transitions and electrochemical systems, while also reflecting on its limitations and scope. This
sequential approach will provide you with a solid foundation for applying Gibbs Function in both
theoretical and practical contexts.

Series Learning Outcomes

Upon completing this Series, you should be able to:

e define the Gibbs Function and outline its historical background,

e explain the mathematical formulation of Gibbs Function and interpret its physical
significance in chemical systems,

o analyse how Gibbs Function determines the spontaneity of chemical reactions,

o demonstrate the use of Gibbs Function in establishing equilibrium conditions,

e apply Gibbs Function to practical examples in chemical thermodynamics,

o evaluate the role of Gibbs Function in phase transitions,

o illustrate the application of Gibbs Function in electrochemical systems, and

o assess the limitations and scope of Gibbs Function within physical chemistry.

1.1 Concept And Definition Of Gibbs Function

1.1.1 Historical background of Gibbs Function

The Gibbs Function, also called Gibbs free energy, was introduced by Josiah Willard Gibbs in
the late nineteenth century. Gibbs.was a pioneer in chemical thermodynamics, and his work
provided a systematic way. to predict whether chemical or physical processes would occur
spontaneously under given conditions. Before his contribution, chemists relied heavily on
experimental trial and error to determine reaction feasibility. Gibbs’ formulation offered a
theoretical framework that connected energy, entropy, and equilibrium.

This historical perspective helps us appreciate why Gibbs Function is central to physical
chemistry. It is not merely a mathematical expression but a tool that transformed the way
chemists understand and predict chemical behaviour.
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Fill in the blank: The scientist who introduced the Gibbs Function was

JOSIAH WILLARD GIBBS: A TIMELINE OF
THEROMODINAMICS CONTRIBUTIONS

PIONELRING STATISTCAL MECHANICS & CHEMICAL THERODANAMICS
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JOSIAH WILLARD GIBBS

A FUNDAMENALS OF PHYSICAL CHEMISTRY & STATISTICAL MECHANICS q

Figure 1.1 Historical background of Gibbs Function

1.1.2 Definition and mathematical formulation
Gibbs Free Energy

The Gibbs Function (or Gibbs Free Energy) is a thermodynamic potential that represents the
maximum reversible work obtainable from a system at constant temperature and pressure.

It is mathematically expressed as:
G=H-T-8S
Where:
o H (enthalpy): the total heat content of the system
o T (temperature): the absolute temperature measured in Kelvin

e S (entropy): the degree of disorder or randomness in the system

This formulation shows that Gibbs Free Energy combines both energy and disorder to determine
the feasibility of a process.

The change in Gibbs Free Energy, denoted as AG, is especially important:
e AG <0: the process is spontaneous
ol
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e AG = 0: the system is at equilibrium
e AG > 0: the process is non-spontaneous

Thus, Gibbs Free Energy provides a direct criterion for predicting chemical behaviour under
constant temperature and pressure.

Fill in the blank: A process is at equilibrium when the change in Gibbs Function ((\Delta G)) is

GIBBS FREE ENERGY: THE EQUATION
PREDICTING SPONTANITY OF CHEMICAL REACTIONS

— Enthalply
Gibbs 3 G . H - T'S —— Temperature
Energy \‘ (Kelvin)
/ Entorpy

Enthallply

AG < 0 : Sponsoasous Process
AS > = 0 : Equiliblium

Z\ FUNDAMENALS OF PHYSICAL CHEMISTRY & STATISTICAL MECHANICS O

Figure 1.2 Mathematical formulation of Gibbs Function

1.1.3 Physical Significance in Chemical Systems

The physical significance of the Gibbs Function lies in its ability to predict the direction and
feasibility of chemical processes. When a system undergoes a change at constant temperature
and pressure, the Gibbs Function indicates whether the process will be spontaneous, at
equilibrium, or non-spontaneous.

e AG <0 — The process is spontaneous, meaning it can occur without external

intervention.
e AG =0 — The system is at equilibrium, and no net change occurs.
e AG > 0 — The process is non-spontaneous, requiring external energy input to proceed.

-
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This makes Gibbs Function a central tool in chemical thermodynamics, as it connects energy
changes with observable chemical behaviour. For example, in biochemical systems, Gibbs
Function helps explain how reactions in living organisms proceed efficiently under mild
conditions.

Fill in the blank: A process is spontaneous when the change in Gibbs Function ((\Delta G)) is

GIBBS FREE ENERGY: SPONTANITY CONDITIONS

1. AG < O: 2. AG = 0: 3. AG > 0:
SPONTOANOUS EQUILIBIUM NON-SPANTAOUS
PROCESS PROCESS

"2 sz

Reaction is Forward & Reverse Reactant-Favored
Product-Favored Rates Equal (Requires Energy Input)

FUNDAMENTALS OF PHYSICAL CHEMISTRY & STATISTICAL MECHANICS

Figure 1.3 Physical significance of Gibbs Function in chemical systems

Pilot questions 1.1

1. Who introduced the concept of Gibbs Function in the nineteenth century?

Write the mathematical expression for Gibbs Function.

3. dentify the thermodynamic quantities represented by H, T, and S in the Gibbs Function
equation.

4. State the condition of Gibbs Function for a process to be spontaneous.

5. What does it mean when AG =0?

N

1.2 Properties And Applications Of Gibbs Function

1.2.1 Relationship with spontaneity of reactions

The spontaneity of a chemical reaction refers to whether it can occur naturally without external
intervention. The Gibbs Free Energy provides a direct criterion for spontaneity:
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. AG <0 — The reaction is spontaneous.
. AG = 0 — The system is at equilibrium.
. AG > 0 — The reaction is non-spontaneous.

This property is extremely useful because it allows chemists to predict reaction behaviour before
conducting experiments. For example, in industrial chemistry, knowing whether a reaction 1s
spontaneous helps in designing efficient processes.

GIBBS FREE ENERGY:
SPONTANEITY CONDITIONS

I

1. AG < O: 2. AG = 0: 3. AG > 0:
SPONATOUS EQUILIRIUM NON-SPANTOUS
REACTION REACTION

(e

= &l1e L

Reaction is [
Reaction is Forward & Reverse Reactant-Favored ‘
Product-Favored Rates Equal (Requires Energy Input)

FUNDAMENTALS OF PHYSICAL ! E IE @ Q
CHEMISTRY & STATISTICAL MECHANICS

Fill in the blank: A chemical reaction is spontaneous when the change in Gibbs Function AG is

Figure 1.4 Relationship between Gibbs Function and spontaneity of reactions

1.2.2 Gibbs Function and equilibrium conditions

The equilibrium condition in a chemical system is reached when the forward and reverse
reactions occur at equal rates, resulting in no net change in the system. Gibbs Function provides
a mathematical way to identify this state. At equilibrium, AG = 0.

This means that the system has reached a balance where energy is optimally distributed, and no
further work can be extracted. Understanding this property is crucial in chemical
thermodynamics, as it explains why certain reactions stop progressing even though reactants are
still present.
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Fill in the blank: At equilibrium, the change in Gibbs Function AG is

GIBBS FREE ENERGY: EQUILIIRIUM CONDITIONS

VISUALIZING MINIMUM ENERGY AT EQUILIRLIUM

l

o =

Gitws Free Eneigy (G)

Spontasous Non-Spontatous
Reaction Reaction (AG = > 0")
(AG < 0%)

Minimum
Gibbs Energy

v

Equilbrium
Reaction Progress (Extent of Reaction)

FUNDAMENTALS OF PHYSICAL

CHEMISTRY & STATISTICAL MECHANICS

Figure 1.5 Gibbs Function and equilibrium conditions

1.2.3 Practical examples in chemical thermodynamics

The Gibbs Function is applied in many practical contexts within chemical thermodynamics. For
instance:

e In predictingwhether a reaction will occur under given temperature and pressure conditions.

¢ In determining the feasibility of biochemical reactions, such as those in cellular metabolism.

e /Iniindustrial processes, such as the production of ammonia in the Haber process, where Gibbs
Function helps optimise reaction conditions.

By applying Gibbs Function, chemists can design processes that are both efficient and cost-
effective. It also provides insight into why certain reactions require catalysts or specific
environmental conditions to proceed.

Fill'in the blank: The Gibbs Function is widely applied in industrial chemistry, for example in
the process.

Pilot questions 1.2

1. What condition of Gibbs Function indicates that a reaction is spontaneous?
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At equilibrium, what is the value of (\Delta G)?

Explain briefly how Gibbs Function helps in predicting reaction feasibility.
Give one example of an industrial process where Gibbs Function is applied.
Why is Gibbs Function important in understanding biochemical reactions?

ukwnN

1.3 Extensions Of Gibbs Function In Physical Chemistry

1.3.1 Gibbs Function in phase transitions

A phase transition occurs when a substance changes from one physical state to another, such as
solid to liquid or liquid to gas. The Gibbs Function is essential in describing these transitions. At
the point of phase equilibrium, the Gibbs Function of the two phases is equal. For example,
during melting, the Gibbs Function of the solid equals that of the liquid at the melting
temperature.

This property allows chemists to predict the conditions under which phase changes occur. It also
explains why substances have specific boiling and melting points under given pressures.

Fill in the blank: At the melting point, the Gibbs Function of the solid phase is equal to that of
the phase.

GIBBS FREE ENERGY: PHASE TRANSITIONS

VISUALIZING MINIMUM ENERGY AT PHASE EQUILIRIUM

Solid

,,,,,,,,,,,,,,,,,,,,,,,,,,,

G,solid = G gas

G,solid = G liquid

Gibs Free Energ G)

Melting/Freezing Boiling/Consentation
Point Point

Temperature (T)

<,
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Figure 1.6 Gibbs Function and phase transitions

1.3.2 Gibbs Function in electrochemical systems
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An electrochemical system involves chemical reactions that produce or consume electrical
energy, such as batteries, galvanic cells, and fuel cells. The Gibbs Function is directly linked to
the maximum electrical work obtainable from these systems. The relationship is expressed as:

AG =-nFE

Here, n is the number of moles of electrons transferred, F is the Faraday constant (96,485
C-mol™), and E is the cell potential. This equation shows that the Gibbs Function determines the
feasibility and efficiency of electrochemical reactions.

For example, in a galvanic cell, a negative AG indicates that the cell can produce electrical
energy spontaneously. Conversely, a positive AG means that external energy must be supplied,
as in the case of electrolysis.

Fill in the blank: In electrochemical systems, the relationship between Gibbs Function and
electrical work is expressed as (\Delta G = -nFE), where E represents the

GIBBS FREE ENERGY & CELL POTENTIAL

LINKING THERODAMMICS & ELECTROCHEMESTRY

AG = —nNn FEce"

RS 22 T
1. AG < O: m 3. AG = O:
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REACTION EQUILIBUM REACTION
Favorable Pro<':<.ess No Net Beaction Unfovirble Proc-ess
E.cell® > O (Positive) - E.cell” <= Negative
X E.cell’> 0 i
Electrchemoical Cell Eletlorytic Cell
(Battery) Dead Battery / At Rest (Requires Energy)

S
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Figure 1.7 Gibbs Function in electrochemical systems

1.3.3 Limitations and scope of Gibbs Function

Although the Gibbs Function is a powerful tool in physical chemistry, it has certain limitations.
It is only valid under constant temperature and pressure conditions, which may not always apply
in real systems. Additionally, Gibbs Function does not provide information about the rate of a
reaction, since it is a thermodynamic property and not a kinetic one.

The scope of Gibbs Function, however, is broad. It is applied in predicting spontaneity,
equilibrium, phase transitions, and electrochemical processes. It is also widely used in
biochemical systems to explain how reactions proceed efficiently under mild conditions. Despite
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its limitations, Gibbs Function remains one of the most versatile and widely used concepts in
chemical thermodynamics.

Fill in the blank: Gibbs Function does not provide information about the ofa
reaction.

Pilot questions 1.3

1. Write the equation that relates Gibbs Function to electrical work in electrochemical systems.

What does a negative value of (\Delta G) indicate in a galvanic cell?

3. Identify the thermodynamic quantities represented by n, F, and E in the electrochemical
equation.

4. State one limitation of Gibbs Function in predicting chemical behaviour.

5. Mention one area of chemistry where Gibbs Function is widely applied despite its limitations.

~

Series Summary

This Series has introduced you to the foundations of Gibbs Function, a central concept in
physical chemistry that helps predict the feasibility and direction of chemical processes. Its
relevance lies in connecting energy, entropy; and equilibrium, making it an indispensable tool for
understanding chemical behaviour in both theoretical and practical contexts.

We began by exploring the concept.and definition of Gibbs Function, including its historical
background, mathematical formulation, and physical significance. We then examined its
properties and applications, focusing on spontaneity, equilibrium conditions, and practical
examples in chemical thermodynamics. Finally, we extended the discussion to phase transitions,
electrochemical systems, and the limitations and scope of Gibbs Function. By completing this
Series, you should now be able to define and explain Gibbs Function, analyse its role in
spontaneity and equilibrium, apply it to practical and industrial contexts, and evaluate its broader
applications and limitations, as outlined in the Series Learning Outcomes.

Concept Check Questions [Series 1]

Objective Questions

Identify the scientist who introduced the Gibbs Function. (Linked to SLO 2.1)

State the mathematical expression for Gibbs Function. (Linked to SLO 2.2)

What is the condition of Gibbs Function for a process to be spontaneous? (Linked to SLO 2.3)
At equilibrium, what is the value of (\Delta G)? (Linked to SLO 2.4)

Name one industrial process where Gibbs Function is applied. (Linked to SLO 2.5)

vk W
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6. Write the equation that relates Gibbs Function to electrical work in electrochemical systems.
(Linked to SLO 2.7)

Short-Answer Questions

7. Define Gibbs Function and explain its physical significance in chemical systems. (Linked to
SLO 2.2)

8. Analyse how Gibbs Function helps predict spontaneity in chemical reactions. (Linked to SLO
2.3)

9. Explain briefly what it means when (\Delta G = 0). (Linked to SLO 2.4)

10. Give one example of a biochemical reaction where Gibbs Function is applied. (Linked to
SLO 2.5)

11. Describe the role of Gibbs Function in phase transitions. (Linked to SLO 2.6)

12. State one limitation of Gibbs Function in predicting chemical behaviour. (Linked to SLO 2.8)

Long-Answer Questions

13. Discuss the historical background of Gibbs Function and its importance in physical
chemistry. (Linked to SLO 2.1)

14. Explain the mathematical formulation of Gibbs Function, clearly identifying the meaning of
H, T, and S. (Linked to SLO 2.2)

15. Analyse how Gibbs Function determines spontaneity and equilibrium in chemical reactions,
using examples. (Linked to SLO 2.3, SLO 2.4)

16. Evaluate the role of Gibbs Function in phase transitions and electrochemical systems,
highlighting its limitations and scope: (Linked to SLO 2.6, SLO 2.7, SLO 2.8)

17. Apply Gibbs Function to a practical industrial example, such as the Haber process, and
explain its significance. (Linked to SLO 2.5)

Answers to Concept Check Questions [Series 1]

Objective Questions

1. Josiah Willard Gibbs

2. G=H=T-S

3. AG<0

4. Zero

5. The Haber process for ammonia production
6. AG=-nFE

Short-Answer Questions

7. Gibbs Function is a thermodynamic potential defined as G = H — T - S. It measures the
maximum reversible work obtainable at constant temperature and pressure. Its physical
significance lies in predicting whether a process is spontaneous, at equilibrium, or non-
spontaneous.

8. Gibbs Function predicts spontaneity by the sign of AG. Negative values indicate spontaneous
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reactions, while positive values indicate non-spontaneous ones.

9. When (\Delta G = 0), the system is at equilibrium, meaning the forward and reverse reactions
occur at equal rates.

10. One example is ATP hydrolysis in cellular metabolism, where Gibbs Function explains
energy release.

11. Gibbs Function describes phase transitions by equating the Gibbs Function of two phases at
equilibrium, such as solid and liquid at the melting point.

12. A limitation is that Gibbs Function does not provide information about reaction rates.

Long-Answer Questions

13. Basic response: Gibbs Function was introduced by Josiah Willard Gibbs in the nineteenth
century to predict reaction feasibility.

Value-added response: His work laid the foundation for chemical thermodynamics, influencing
modern science and industrial chemistry.

14. Basic response: Gibbs Function is expressed as (G = H.-T \cdot S), where H is enthalpy,
T is temperature, and S is entropy.

Value-added response: This formulation combines energy and disorder, providing a
comprehensive measure of chemical feasibility.

15. Basic response: Gibbs Function determines spontaneity by the sign of (\Delta G).
Negative values indicate spontaneity, zero indicates equilibrium, and positive values indicate
non-spontaneity.

Value-added response: It also quantifies how far a system is from equilibrium and is applied in
industrial and biochemical contexts.

16. Basic response: Gibbs Funetion explains phase transitions by equating Gibbs Function
values of different phases. In electrochemical systems, it relates to cell potential through (\Delta
G = -nFE). Its limitation is that it applies only under constant temperature and pressure and does
not provide kinetic information.

Value-added response: Beyond this, Gibbs Function is applied in material science,
environmental chemistry, and biochemistry, making it versatile despite its limitations.

17. Basic response: In the Haber process, Gibbs Function helps determine the optimal
conditions for ammonia production.

Value-added response: It also guides industrial chemists in balancing efficiency, cost, and
sustainability, showing its practical importance in large-scale chemical manufacturing.

Answers to Pilot Questions [Series 1]

Part 1: Concept and Definition of Gibbs Function

1. Josiah Willard Gibbs
2. G=H-T-S
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3. H =enthalpy (total heat content), T = absolute temperature in Kelvin, S = entropy
(degree of disorder)

4. AG<0

5. The system is at equilibrium

Part 2: Properties and Applications of Gibbs Function

1. A reaction is spontaneous when AG <0

2. At equilibrium, AG =0

3. Gibbs Function helps predict feasibility by showing whether a reaction will proceed
under given conditions

4. The Haber process for ammonia production

5. Gibbs Function explains why biochemical reactions proceed efficiently under mild
conditions

Part 3: Extensions of Gibbs Function in Physical Chemistry

1. At the melting point, the Gibbs Function of the solid phase equals that of the liquid
phase

2. AG=-nFE

n = number of moles of electrons, F = Faraday constant, E = cell potential

4. @Gibbs Function is limited to constant temperature and pressure and does not provide
information about reaction rates

5. Itis widely applied in areas such as phase transitions, electrochemical systems, and
biochemical reactions

(98]

Series 2: Chemical Thermodynamics and
Kinetics Concepts

Part 1: Fundamentals of Chemical Thermodynamics

e 2.1.1 Defmition and scope of thermodynamics
o 2.1.2 Laws of thermodynamics (first, second, and third)
e 2.1.3 Thermodynamic functions and state variables

Part 2: Chemical Equilibria and Thermodynamic Applications

e 2.2.1 Gibbs Function and equilibrium conditions
e 2.2.2 Le Chatelier’s principle and thermodynamic interpretation
e 2.2.3 Thermodynamic calculations in chemical equilibria
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Part 3: Fundamentals of Chemical Kinetics

e 2.3.1 Definition of reaction rate and rate laws
e 2.3.2 Order of reaction and rate constants
e 2.3.3 Factors affecting reaction rates (temperature, concentration, catalysts)

Part 4: Advanced Kinetic Concepts and Applications

e 2.4.1 Collision theory and transition state theory
e 2.4.2 Mechanisms of complex reactions
e 2.4.3 Industrial and biochemical applications of kinetics

Introduction

In the last Series, we explored the foundations of Gibbs Function in physical chemistry, focusing
on its definition, properties, and applications. Building on that knowledge, we now turn our
attention to the broader principles of chemical thermodynamics and kinetics. These concepts are
at the heart of understanding how and why chemical reactions occur, how energy is transferred,
and how reaction rates can be controlled. By studying them, you will gain insight into both the
driving forces and the speed of chemical proeesses, which are essential for practical applications
in industry, research, and everyday life.

The aim of this Series is to equip you with a clear understanding of the principles of
thermodynamics and kinetics, and to enable you to apply these concepts in analysing chemical
equilibria, reaction mechanisms, and practical systems.

We shall commence this Series by examining the fundamentals of chemical thermodynamics,
including its scope,laws, and state functions. Next, we will move on to chemical equilibria and
thermodynamic.applications, where you will see how Gibbs Function and related principles
explain equilibrium conditions. Following that, our focus will shift to the fundamentals of
chemical kinetics, covering reaction rates, orders, and factors that influence them. Finally, we
will wrapup by exploring advanced kinetic concepts such as collision theory, transition state
theory, and their applications in industrial and biochemical contexts.

Series Learning Outcomes

Upon completing this Series, you should be able to:

e define the scope and basic principles of chemical thermodynamics,
o explain the laws of thermodynamics and their relevance to chemical systems,
e describe key thermodynamic functions and state variables,
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o analyse equilibrium conditions using Gibbs Function,

e apply thermodynamic principles to chemical equilibria and interpret Le Chatelier’s
principle,

o calculate thermodynamic quantities in chemical equilibrium problems,

o define reaction rate and formulate rate laws,

e determine the order of a reaction and interpret rate constants,

o evaluate the influence of temperature, concentration, and catalysts on reaction rates,

o explain collision theory and transition state theory in relation to reaction mechanisms,

o analyse mechanisms of complex reactions, and

o apply kinetic concepts to industrial and biochemical processes.

2.1 Fundamentals Of Chemical Thermodynamics

2.1.1 Definition and scope of thermodynamics

Thermodynamics is the branch of physical science concerned with the relationships between
heat, work, and energy. It provides a framework for understanding how energy is transferred and
transformed in chemical and physical processes. The scope of thermodynamics extends from
simple laboratory reactions to large-scale industrial processes and even biological systems.

By studying thermodynamics, chemists can predict whether a process will occur, determine the
energy changes involved, and design conditions that make reactions more efficient.

Fill in the blank: Thermodynamics is'the branch of science concerned with the relationships
between , work, and energy.

THERROMMAMICS: SYSTEM & SURRONDINGS

VISUALIZING ENERGY FLOW & HEAT TRANSFER

SYSTEM: - aORROUNINGg -

The reaction or substance e N

being studiey B s

&  Heat (Q)
SYSTEM
.': Heat o O , Heat "‘. ;
Heat (Q) <—‘—> work (W) | * 3 ! Work (W)! <—-—> Work (W)
e e —- Y

Heat (0) 4

-- Work (W) =

SURROUNINGS: 5 e s —
Everything else in \\‘f(/RROUN\“G!?_,,—“
the universe i S

| UNIVERSE = SYSTEM + SURROUNINGS |

FUNDAMETALS OF PHYSICAL CHEMISTRY & THEROUNAMICS - = S <
Figure 2.1 Scope of thermodynamics in chemical systems
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2.1.2 Laws of thermodynamics

The laws of thermodynamics are fundamental principles that govern energy transformations:

e First law of thermodynamics: Energy cannot be created or destroyed, only transformed from
one form to another.

e Second law of thermodynamics: In any spontaneous process, the entropy of the universe
increases.

e Third law of thermodynamics: As temperature approaches absolute zero, theentropy of a
perfect crystal approaches zero.

These laws provide the foundation for analysing chemical reactions and physical changes. They
explain why energy is conserved, why disorder tends to increase, and why absolute zero
represents a unique limit.

Fill in the blank: The law that states “energy cannot be created or destroyed” is known as the
law of thermodynamics.

Figure 2.2 Laws of thermodynamics
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FUNDAMEITALS OF PHECTROCHEMESTRY THEROODNAMICS

2.1.3 Thermodynamic functions and state variables

Thermodynamic functions are measurable properties that describe the energy state of a system.
Examples include enthalpy (H), which represents heat content, entropy (S), which measures
disorder, and internal energy (U), which is the total energy of the system.
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State variables are properties that depend only on the current state of the system, not on the path
taken to reach it. Pressure, temperature, and volume are common state variables. Together, these
functions and variables allow chemists to describe and predict the behaviour of systems under
different conditions.

Fill in the blank: Properties such as pressure, temperature, and volume that depend only on the
current state of a system are called

Common Thermodynamic Functions and State Variables

o Enthalpy (H): This represents the heat content of a system. For example, when fuel
undergoes combustion, the heat released is a measure of its enthalpy change.

o Entropy (S): Entropy measures the disorder or randomness in a system. A good e€xample
is the way molecules in a gas spread out randomly, increasing entropy compared to a
solid.

e Internal Energy (U): Internal energy is the total energy of a system, including both
kinetic energy (motion of particles) and potential energy (interactions between particles).
For instance, the energy stored in a compressed spring plus the vibrations of its atoms
together form internal energy.

e Pressure (P): Pressure is the force exerted per unit area. A simple example is the
pressure of gas inside a container, which results from molecules colliding with the
container walls.

e Temperature (T): Temperature indicates the thermal energy of a system. It reflects how
fast particles are moving. For example, the Kelvin scale is commonly used in
thermodynamics to measure temperature.

e Volume (V): Volume is the. amount of space occupied by a system. For instance, the
volume of gas in a balloon expands when heated.

Pilot Questions [Part 1: Fundamentals of Chemical Thermodynamics]

Who introduced the concept of thermodynamics as a scientific discipline?

State the three fundamental laws of thermodynamics.

What does the first law of thermodynamics tell us about energy?

Define entropy and explain its significance in thermodynamics.

Give one example of a state variable and explain why it is considered a state variable.

Write the mathematical expression for Gibbs Function.

What happens to the entropy of a perfect crystal as temperature approaches absolute zero?

ap° gy L N -

2.2 Chemical Equilibria And Thermodynamic Applications
2.2.1 Gibbs Function and equilibrium conditions
o
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The equilibrium condition in a chemical system is reached when the forward and reverse
reactions occur at equal rates, resulting in no net change in the concentrations of reactants and
products. The Gibbs Function provides a direct way to identify this state. At equilibrium, the
change in Gibbs Function AG is equal to zero.

This means the system has reached a balance where energy is optimally distributed, and no
further work can be extracted. Understanding this property is crucial in chemical
thermodynamics, as it explains why certain reactions stop progressing even though reactants are
still present.

Fill in the blank: At equilibrium, the change in Gibbs Function AG is

2.2.2 Le Chatelier’s principle and thermodynamic interpretation

Le Chatelier’s principle states that when a system at equilibrium is disturbed by a change in

conditions such as temperature, pressure, or concentration, the system shifts to counteract the

disturbance and restore equilibrium. Thermodynamics explains this principle by showing how
changes in Gibbs Function drive the system towards a new equilibrium state.

For example, increasing the concentration of reactants will shift the equilibrium towards
products, while raising the temperature of an exothermic reaction will shift the equilibrium
towards reactants.

Fill in the blank: According to Le Chatelier’s principle, increasing the concentration of reactants
will shift the equilibrium towards

LE CHATEITIER’S PRINCIPLE:
THERDOMEMIC INTERPRTATION
VISUALIZING EQUILILIUM SHIFTS UNDER STRESS

A+ B << C + D + Heat

1. CHANGE IN 2. CHANGE IN 3. CHANGE IN
CONCENTRATION TEMPERATURE TEMPERATURE
(HEATING) COOLING
I I e O T Increase Heat o J, l|) — O
Add Reactants (Endothremic direction) (Exohtemic direction)

FUNDAMENTALS OF PHYSICAL CHEMISTRY & CHEMICAL THEROMDAMDICS

Figure 2.4 Thermodynamic interpretation of Le Chatelier’s principle

2.2.3 Thermodynamic Calculations in Chemical Equilibria
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Thermodynamic calculations allow chemists to quantify equilibrium conditions and predict the
direction of chemical reactions. The relationship between the standard Gibbs Free Energy change
(AG®) and the equilibrium constant (K) is expressed as:

AG°=-RT In K
Where:

o R = gas constant
o T = absolute temperature (Kelvin)
o K = equilibrium constant

This equation shows that:

e When AGP® < 0, the equilibrium constant is large, meaning the reaction strongly favours
products.
e When AG® > 0, the equilibrium constant is small, meaning reactants are favoured.

This relationship is widely applied in chemical thermodynamics te calculate equilibrium
constants from experimental data or to predict whether a reaction will proceed under given
conditions. For example, in the Haber process; the equilibrium constant helps determine the
optimal pressure and temperature for ammeonia production.

Fill in the blank: A large equilibrium constant K indicates that the are favoured at
equilibrium.

Pilot Questions [Part 2: Chemical Equilibria and Thermodynamic Applications]

State the condition of Gibbs Function at equilibrium.

Explain Le Chatelier’s principle’in your own words.

Describe how temperature affects the equilibrium of an exothermic reaction.
Write the equation that relates Gibbs Function change to the equilibrium constant.
What does a large equilibrium constant indicate about the position of equilibrium?

ukhwnN R

2.3 Fundamentals Of Chemical Kinetics

2.3.1 Definition of reaction rate and rate laws

Chemical Kkinetics is the study of the speed at which chemical reactions occur and the factors
that influence them. The reaction rate is defined as the change in concentration of reactants or
products per unit time. It provides a measure of how fast a reaction proceeds.

A rate law is a mathematical expression that relates the rate of a reaction to the concentration of
reactants. It takes the general form:

)
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Rate =k [A]"m [B]*n

where K is the rate constant, [A] and [B] are the concentrations of reactants, and m and n are the
reaction orders with respect to each reactant.

Fill in the blank: The rate of a chemical reaction is defined as the change in per unit
time.

Reaction Rate: Concentration vs. Time
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Figure 2.6 Reaction rate illustrated by concentration change over time

2.3.2/O0rder of reaction and rate constants

The order of a reaction refers to the power to which the concentration of a reactant is raised in
the rate law. It indicates how the rate depends on the concentration of reactants. For example, a
first-order reaction depends linearly on the concentration of one reactant, while a second-order

reaction depends on the square of the concentration or on two reactants.

The rate constant (k) is a proportionality factor in the rate law that is specific to a given reaction
at a particular temperature. Its value provides insight into the speed of the reaction under defined
conditions.

Fill in the blank: In a first-order reaction, the rate depends on the concentration of
the reactant.
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Figure 2.7 Comparison of first-order and second-order reaction rates

REACTION KINETICS: FIRST-ORDER VS. SECOND-ORDER
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2.3.3 Factors affecting reaction rates

Several-factors influence the rate of chemical reactions:

e Temperature: Increasing temperature generally increases reaction rate because particles have

more energy to overcome activation barriers.
e Concentration: Higher concentration of reactants increases the frequency of collisions, leading

to faster reactions.
e | Catalysts: A catalyst is a substance that increases the rate of a reaction without being

consumed. It works by lowering the activation energy required for the reaction.
e Surface area: For reactions involving solids, increasing surface area exposes more particles to

react, thereby speeding up the process.
Fill in the blank: A catalyst increases the rate of a reaction by lowering the energy.

o
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Figure 2.8 Energy profile showing catalytic effect
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Pilot Questions [Part 3: Fundamentals of Chemical Kinetics]

Define chemical kinetics and explain what is meant by reaction rate.

Write the general form of a rate lawand identify its components.

What does the order of a reaction indicate about the dependence of rate on concentration?
Explain the significance of the rate constant in chemical kinetics.

List three factors that affect reaction rates and briefly describe their influence.

How does a catalyst affect the activation energy of a reaction?
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2.4 Advanced Kinetic Concepts And Applications

2.4.1 Collision theory and transition state theory

Collision theory explains that chemical reactions occur when reactant particles collide with
sufficient energy and proper orientation. The minimum energy required for a reaction to take
place is called the activation energy. Not all collisions lead to reactions; only those that meet

these conditions are effective.

Transition state theory builds on this by proposing that during a reaction, reactants form a high-
energy intermediate state known as the transition state. This state represents the point at which

-
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old bonds are breaking and new bonds are forming. The energy difference between reactants and
the transition state is the activation energy.

Fill in the blank: According to collision theory, only collisions with sufficient and
proper orientation lead to a reaction.

TRANSIOT STASTION THEORY: REACTION ENERGY PROFILE
VISUALIZING THE ACTIVATION COMPLEX

A — Transition State
Activation Energy (E} (Activated Complex)

(o)
(=5
=
2
D
D AH
K (Enthally
= Change)
D
°
o
Reactants Products

>
>

Reaction Progress (Extent of Reaction)

FUNDAMEITALS OF PHYSICAL CHEMISTRY & CHEMICAL KINETICS

Figure 2.9 Energy profile illustrating transition state

2.4.2 Mechanisms of complex reactions

A reaction mechanism is the step-by-step sequence of elementary reactions by which an overall
chemical change occurs. Complex reactions often proceed through multiple steps, involving
intermediates that do not appear in the overall balanced equation.

For example, in a two-step mechanism, the first step may be slow and determine the overall rate
of the reaction, while the second step is fast. The slowest step is known as the rate-determining
step. Understanding mechanisms helps chemists explain observed rate laws and design strategies

to control reaction speed.

FW
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Fill in the blank: The slowest step in a reaction mechanism is called the step.

REACTION MECHANISM: TWO-STEP PROCESS
VISUALIZING INTERMEDIATES & THE RATE-DETERIINING STEP
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Figure 2.10 lllustration of a two-step reaction mechanism

2.4.3 Industrial and biochemical applications of Kinetics

The principles of kinetics are widely applied in both industry and biology. In industry,
controlling reaction rates is essential for optimising production processes, such as in the
manufacture of fertilisers, pharmaceuticals, and polymers. Catalysts are often used to increase

efficiency and reduce energy costs.

In biochemistry, enzymes act as biological catalysts, speeding up reactions necessary for life.
Enzyme kineties helps explain how substrate concentration, temperature, and inhibitors affect

reaction rates'in living systems.

Fill in the blank: In biochemistry, enzymes act as biological that speed up reactions

necessary for life.
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Figure 2.11 Enzyme-catalysed reaction pathway
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Pilot Questions [Part 4: Advanced Kinetic Concepts and Applications]

State the main idea of collision theory.

What is meant by the‘transition state in a chemical reaction?

Define activation energy and explain its role in reactions.

What is a reaction mechanism, and why is it important?

Identify the stepin a mechanism that controls the overall rate of reaction.
Give one example of how kinetics is applied in industry.

Explain the role of enzymes as catalysts in biochemical reactions.

NouswNe

Series Summary

This Series has introduced you to the essential principles of chemical thermodynamics and
kinetics, highlighting their importance in predicting the feasibility and speed of chemical
reactions. The purpose has been to connect theoretical laws with practical applications, enabling
you to see how energy changes and reaction rates influence processes in industry, research, and
biological systems.
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We began with the fundamentals of thermodynamics, covering its scope, laws, and state
functions. We then moved on to chemical equilibria, where Gibbs Function and Le Chatelier’s
principle were applied to explain equilibrium conditions and calculations. Following that, we
explored the fundamentals of kinetics, focusing on reaction rates, orders, and the factors that
affect them. Finally, we examined advanced kinetic concepts such as collision theory, transition
state theory, reaction mechanisms, and applications in industry and biochemistry. By completing
this Series, you should now be able to define and explain thermodynamic principles, analyse
equilibrium conditions, apply kinetic laws, and evaluate practical applications, as outlined in the
Series Learning Outcomes.

Concept Check Questions [Series 2]

Objective Questions

Define chemical thermodynamics. (Linked to SLO 2.1)

State the first law of thermodynamics. (Linked to SLO 2.2)

Identify the thermodynamic function that measures disorder. (Linked to SLO 2.3)
What is the condition of Gibbs Function at equilibrium? (Linked to'SLO 2.4)

State Le Chatelier’s principle. (Linked to SLO 2.5)

Write the equation relating Gibbs'Function'.change to the equilibrium constant. (Linked to SLO
2.6)

7. Define reaction rate. (Linked to SLO 2.7)

8. What does the order of a reactioniindicate? (Linked to SLO 2.8)

9. Name one factor that influences reaction rate. (Linked to SLO 2.9)

10. According to collision theory, what must effective collisions have? (Linked to SLO 2.10)
11. What is the slowest step-in.a reaction mechanism called? (Linked to SLO 2.11)

12. In biochemistry, enzymes act as biological . (Linked to SLO 2.12)

ok wNeE

Short-Answer Questions

13. Explain the scope of chemical thermodynamics. (Linked to SLO 2.1)

14. Describe the significance of the second law of thermodynamics. (Linked to SLO 2.2)
15. Distinguish'between enthalpy and internal energy. (Linked to SLO 2.3)

16. Explain why Gibbs Function is useful in predicting spontaneity. (Linked to SLO 2.4)

17. Describe how temperature affects the equilibrium of an exothermic reaction. (Linked to SLO 2.5)
18. Outline how equilibrium constants can be calculated using Gibbs Function. (Linked to SLO 2.6)
19. Give one example of a first-order reaction. (Linked to SLO 2.8)

20. Explain how catalysts influence reaction rates. (Linked to SLO 2.9)

21. Describe the concept of transition state in chemical kinetics. (Linked to SLO 2.10)
22. Outline one industrial application of kinetics. (Linked to SLO 2.12)

Long-Answer Questions

23. Discuss the three laws of thermodynamics and their relevance to chemical systems. (Linked to
SLO 2.2,SLO 2.3)
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24,

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Analyse Gibbs Function in relation to equilibrium conditions and explain its link to the

equilibrium constant. (Linked to SLO 2.4, SLO 2.6)

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

25. Evaluate the factors affecting reaction rates and explain their practical implications. (Linked to
SLO 2.9)

e Basic response: Based on Series-only knowledge.

e Value-added response: For outstanding learners who go beyond the basics.
26. Compare collision theory and transition state theory, highlighting their contributions to

understanding reaction mechanisms. (Linked to SLO 2.10, SLO 2.11)

27.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Appraise the role of catalysts in industrial and biochemical processes, with examples. (Linked to

SLO 2.12)

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Answers to Concept Check Questions [Series 2]

Objective Questions

© 0N U A WN

Chemical thermodynamics is the study of energy changes in chemical systems.
Energy cannot be created or destroyed, only transformed.

Entropy.

AG=0

When a system at equilibrium is disturbed, it shifts to oppose the disturbance.
AG°=—-RT In K

Reaction rate is the change in concentration per unit time.

It indicates how the rate depends on reactant concentration.

Temperature, concentration, catalysts, or surface area.

10 Proper orientation and sufficient energy.
11. Rate-determining step.

-
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12. Catalysts.

Short-Answer Questions

13. Thermodynamics studies energy transfer and transformation in chemical and physical processes.
14. The second law states that entropy of the universe increases in spontaneous processes.

15. Enthalpy is heat content; internal energy is total energy including kinetic and potential.

16. Gibbs Function predicts spontaneity: negative (\Delta G) means spontaneous.

17. Increasing temperature shifts equilibrium of exothermic reactions towards reactants.

18. By using AG® = —RT In K

19. Radioactive decay.

20. Catalysts lower activation energy, increasing reaction rate.

21. Transition state is a high-energy intermediate where bonds are breaking and forming.

22. Haber process for ammonia production.

Long-Answer Questions

23. Basic response: The first law explains energy conservation, the second law explains entropy
increase, and the third law explains entropy approaching zero at absolute zero.

e Value-added response: Learners may add industrial examples such as energy efficiency in
engines, entropy in mixing processes, and'cryogenic applications of the third law.

24. Basic response: Gibbs Function equals zero at equilibrium, and its relationship with equilibrium
constant is given by AG® = —RT In K

e Value-added response: Learners may add that this relationship allows prediction of equilibrium
positions and feasibility of industrial reactions like the Haber process.

25. Basic response: Reaction rates are influenced by temperature, concentration, catalysts, and
surface area.

e Value-added response: Learners may add quantitative examples, such as Arrhenius equation for
temperature dependence, and enzyme kinetics in biology.

26. Basic response: Collision theory requires proper orientation and sufficient energy, while
transition state theory describes a high-energy intermediate.

e Value-added response: Learners may add that transition state theory provides a more detailed
energy profile, explaining activation energy and reaction pathways.

27. Basic response: Catalysts speed up reactions without being consumed, lowering activation
energy. Enzymes act as biological catalysts.

e Value-added response: Learners may add industrial examples such as catalytic converters in
cars, and biochemical examples like enzyme regulation in metabolism.
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Answers to Pilot Questions [Series 2]
Part 2.1 Fundamentals of Chemical Thermodynamics

1. Thermodynamics was introduced as a scientific discipline by Rudolf Clausius and William
Thomson (Lord Kelvin).

The three fundamental laws are the first, second, and third laws of thermodynamics.

The first law tells us that energy is conserved in chemical and physical processes.

Entropy is a measure of disorder or randomness in a system, and it determines spontaneity.
Pressure is a state variable because its value depends only on the current state, not the path
taken.

Gibbs Function is expressedas G=H-T-S

The entropy of a perfect crystal approaches zero as temperature approaches absolute zero.

ik wnN
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Part 2.2 Chemical Equilibria and Thermodynamic Applications

1. At equilibrium, the change in Gibbs Function AG is zero.

Increasing the concentration of reactants shifts equilibrium towards products.

3. The relationship between GibbsFunction and equilibrium constant is By using AG® = —RT In
K

4. Alarge equilibrium constant indicates that products are favoured at equilibrium.

5. Gibbs Function is zero.at equilibrium.

N

Part 2.3 Fundamentals of Chemical Kinetics

1. Chemical kinetics is the study of reaction rates; reaction rate is the change in concentration per
unit time.

2. The general form of a rate law is Rate = k [A]*m [B]"n

3./ The order of a reaction indicates how the rate depends on reactant concentration.

4. The rate constant is a proportionality factor specific to a reaction at a given temperature.
5." Temperature, concentration, catalysts, and surface area affect reaction rates.

6. A catalyst lowers activation energy, increasing reaction rate.

Part 2.4 Advanced Kinetic Concepts and Applications

1. Collision theory states that effective collisions must have sufficient energy and proper
orientation.

2. The transition state is a high-energy intermediate where bonds are breaking and forming.

3. Activation energy is the minimum energy required for a reaction to occur.

4. Areaction mechanism is the step-by-step sequence of elementary reactions.

-
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5. The slowest step in a mechanism is the rate-determining step.
6. Kinetics is applied in industry, for example in the Haber process.
7. Enzymes act as biological catalysts in biochemical reactions.

Series 3: Introduction to Statistical
Thermodynamics

Part 1 Fundamentals of Statistical Thermodynamics

e 3.1.1 Concept of microstates and macrostates
e 3.1.2 Probability distributions in thermodynamics
e 3.1.3 Boltzmann relation and entropy

Part 2 Partition Functions and Thermodynamic Properties

e 3.2.1 Definition and significance of partition functions
o 3.2.2 Translational, rotational, vibrational, and electronic contributions
e 3.2.3 Connection between partition functions and macroscopic properties (U, H, S, G)

Part 3 Applications to Ideal Systems

e 3.3.1 Derivation of ideal gas law from statistical mechanics
e 3.3.2 Heat capacity of ideal gases
e 3.3.3 Equipartition theorem

Part 4 Non-Ideal and Advanced Applications

e 3.4.1 Real gases and deviations from ideality
e 3.4.2 Statistical treatment of solids and liquids
e 3.4.3 Introduction to quantum statistics (Fermi-Dirac, Bose-Einstein)

Introduction

In the last Series, we explored the principles of chemical thermodynamics and kinetics, focusing
on how energy changes and reaction rates govern chemical processes. To deepen our
understanding, we now turn to statistical thermodynamics, which provides the microscopic
foundation for these macroscopic laws. By linking the behaviour of individual particles to bulk

)
sho-o) LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



properties, this Series helps us appreciate how probability and statistics underpin the science of
energy and matter.

The aim of this Series is to introduce you to the fundamental concepts of statistical
thermodynamics and to equip you with the ability to relate microscopic states to macroscopic
thermodynamic quantities. You will gain insight into how partition functions serve as a bridge
between molecular behaviour and observable properties.

We shall commence this Series by examining the fundamentals of statistical thermodynamics,
including the concepts of microstates, macrostates, and the Boltzmann relation. Next, we will
study partition functions and their role in determining thermodynamic properties such as internal
energy, enthalpy, entropy, and Gibbs free energy. Following that, we will apply these principles
to ideal systems, deriving the ideal gas law, exploring heat capacities, and considering the
equipartition theorem. Finally, we will wrap up by extending the discussion to non-ideal and
advanced applications, including real gases, solids, liquids, and an introduction to quantum
statistics such as Fermi-Dirac and Bose-Einstein distributions:

Series Learning Outcomes
Upon completing this Series, you should be able to:

o define the concepts of microstates and macrostates in statistical thermodynamics,

o explain how probability distributions are used to describe thermodynamic systems,

o demonstrate the application of the Boltzmann relation in quantifying entropy,

e describe the definition and significance of partition functions,

o analyse the contributions of translational, rotational, vibrational, and electronic motions
to partition functions,

o apply partitionfunctions to calculate macroscopic thermodynamic properties such as
internal energy, enthalpy, entropy, and Gibbs free energy,

e derive the ideal gas law using statistical mechanics principles,

« evaluate the heat capacity of ideal gases using the equipartition theorem,

o assess deviations of real gases from ideal behaviour using statistical approaches, and

o _distinguish between classical and quantum statistics, including Fermi-Dirac and Bose-
Einstein distributions.

3.1 Fundamentals Of Statistical Thermodynamics

3.1.1 Concept of microstates and macrostates

In statistical thermodynamics, a microstate is a specific arrangement of particles in a system,
defined by their positions and energies. A macrostate refers to the overall condition of the
system, described by bulk properties such as pressure, volume, and temperature. While a single

)
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macrostate can correspond to many microstates, the number of possible microstates determines
the likelihood of observing that macrostate.

Fill in the blank: The number of associated with a macrostate determines its probability.

MICROSTATES VS. MACROSTATES: STATISICAL THERMONASMICS VISUALLIZED
VISUALIZING MULTIPLE ARRANGEMENTS FOR A SINGLE SYSTEM STATE

MACROSTATE

MICROSTATES

\
>| Many Microstates —> >
== Sl One Macromate

Arrangement 2
Overall State

(e. g). Temperature,
Pressure

Arrangement 3
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Figure 3.1 Relationship between microstates and macrostates

3.1.2 Probability distributions in thermodynamics

A probability distribution describes how likely different microstates are to occur. In
thermodynamics, the most important distribution is the Boltzmann distribution, which states that
the probability of @ microstate depends on its energy and the system’s temperature. This
principle explains why lower-energy states are more probable at equilibrium.

Fill in the blank: According to the Boltzmann distribution, the probability of a microstate
decreases as its increases.
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Figure 3.2 Boltzmann distribution of microstates
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3.1.3 Boltzmann relation and entropy

The Boltzmann relation connects entropy to the number of microstates available to a system.
Entropy, denoted as S, is a measure of disorder or randomness.

It is expressed as:

S=Kkiln W

Where:

k = Boltzmann constant

W = number of microstates
F
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This equation shows that entropy increases as the number of possible microstates grows,
reflecting greater disorder in the system.

Fill in the blank: Entropy increases when the number of available to a system becomes
larger.
Pilot questions 3.1

1. Define the term microstate in statistical thermodynamics.

2. What is meant by a macrostate, and how does it differ from a microstate?

3. State the Boltzmann distribution and explain its significance in thermodynamics.

4. Write the Boltzmann relation for entropy and identify each term in the equation.

5. What happens to entropy when the number of microstates available to a system

increases?

3.2 Partition Functions And Thermodynamic Properties

3.2.1 Definition and significance of partition functions

A partition function is a mathematical expression that summarises the statistical properties of a
system in thermodynamics. It is denoted by (Q) and represents the sum of all possible states of a
system, weighted by their energies. The partition function is significant because it acts as a
bridge between microscopic details (such as energy levels of molecules) and macroscopic
thermodynamic properties (such as entropy, free energy, and internal energy).

Fill in the blank: The function serves as a link between microscopic states and
macroscopic thermodynamic quantities.
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Linking Molecular Energy Levels to Thendachemic Properties
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Figure 3.3 Partition function as a bridge between micro and macro properties

3.2.2 Translational, Rotational, Vibrational, and Electronic Contributions

The total partition function of @ molecule can be expressed as the product of contributions from
different types of motion:

Q y Qtrans : Qrot : Qviﬂ * Qelec
Where:

¢ Quuns (Translational partition function): accounts for the movement of molecules in
space

¢ Q. (Rotational partition function): describes the energy associated with molecular
rotation

e Quis (Vibrational partition function): represents the energy levels due to vibrations of
atoms within molecules
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e Qecc (Electronic partition function): considers the distribution of electrons among
available energy states

Fill in the blank: The total partition function of a molecule is the of translational,
rotational, vibrational, and electronic contributions.

Figure 3.4 Components of the molecular partition function

MOUECLAR PARTTION FUNCTION: CONTRIBUTIONS FROM ENERGY MODES
VISUALIZING THE TOTAL ENERGY STATES

Q= Q(translationa) * Q(rotatonal)-Q(vibrational-Q(electronic)

2. ROTATIOAL 2. VIBRATIONL

. /7\//7
Ses

Movement of Rotation of molecule Atoms vibrating Electron
molecule in space energy levels

FUNDAMENALS OF PHYSICAL CHEMISTRY & STATISTICAL MECHANICS

3.2.3/Connection between partition functions and macroscopic properties

Partition functions are powerful because they allow us to calculate macroscopic thermodynamic
properties directly. For example:

o Internal energy (U): Derived from the average energy of microstates.

e Enthalpy (H): Related to internal energy and pressure—volume work.

o Entropy (S): Obtained from the logarithm of the partition function.

e Gibbs free energy (G): Calculated using the partition function and temperature.

This connection shows how statistical mechanics provides a microscopic foundation for classical
thermodynamics.

F
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Fill in the blank: Entropy can be calculated from the of the partition function.

Pilot questions 3.2

1. Define the term partition function in statistical thermodynamics.
Explain why the partition function is considered a bridge between microscopic and
macroscopic properties.

3. Write the expression for the total molecular partition function and identify its
components.

4. Describe the role of translational and rotational contributions in the molecular partition
function.

5. State how entropy can be derived from the partition function.

3.3 Applications To Ideal Systems

3.3.1 Derivation of ideal gas law from statistical mechanics

The ideal gas law is a fundamental equation that relates pressure, volume, and temperature of an
ideal gas. Statistical mechanics provides a microscopic foundation for this law by considering the
behaviour of individual gas molecules. By applying the translational partition function, we can
derive the equation (PV = NkT), where (N) is the number of molecules, (k) is the Boltzmann
constant, and (T) is the temperature.

Fill in the blank: The ideal gas law can be derived using the partition function.

Figure 3.5 Derivation of the Ideal Gas Law
using Statistical Mechanlics

Connecting Molecular Motion to
Macarasopc Properties

Statisical Mechanics Average Kinetic Energy
& Momentum Transfer

Change in Pomentum: Ap = 2mv, ) 1 _2 3
> > Average K.E = (miv) = GDke
Force on wall: FF = Ap/Ar
Pressure P = F/A Temperature (T) is a measure
average K.E.
iner {

Ideal Gas Law

P: Pressure - P "3
V: Volume PV = th

4rzs
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Figure 3.5 Derivation of the ideal gas law using statistical mechanics
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3.3.2 Heat capacity of ideal gases

The heat capacity of a substance is the amount of heat required to raise its temperature by one
unit. For ideal gases, statistical mechanics explains heat capacity through the equipartition
theorem, which states that each degree of freedom contributes (\frac{1} {2}kT) to the energy.
For a monatomic ideal gas, only translational degrees of freedom contribute, while for diatomic
gases, rotational and vibrational modes also play a role.

Fill in the blank: According to the equipartition theorem, each degree of freedom-contributes
to the energy.

3.3.3 Equipartition theorem

The equipartition theorem is a principle in statistical mechanics that states energy is equally
distributed among all available degrees of freedom. This theorem provides a direct link between
microscopic motion and macroscopic thermal properties. It explains why monatomic gases have
lower heat capacities compared to polyatomic gases, which possess more degrees of freedom.

Fill in the blank: The equipartition theorem states that energy is equally distributed among all
of freedom.

Key Points On The Equipartition Theorem

The equipartition theorem states that energy is equally distributed among all available degrees
of freedom in a system. Each degree of freedom contributes % kT to the average energy, where k
is the Boltzmann constant and T is the absolute temperature.

In the context of ideal gases, this theorem explains why monatomic gases have lower heat
capacities compared to-diatomic or polyatomic gases. Monatomic gases possess only
translational degrees of freedom, while diatomic gases also include rotational and vibrational
modes, leading to higher energy contributions and larger heat capacities.

Pilot questions 3.3

1. Derive the ideal gas law using the translational partition function.
Define heat capacity and explain how statistical mechanics accounts for the heat capacity
of ideal gases.

3. ' State the equipartition theorem and describe its significance in thermodynamics.
4. Explain why monatomic gases have lower heat capacities compared to diatomic gases.
5. What role do degrees of freedom play in determining the thermal properties of gases?

-
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3.4 Non-Ideal And Advanced Applications

3.4.1 Real gases and deviations from ideality

In practice, gases do not always behave ideally. A real gas is one that deviates from the
assumptions of the ideal gas law, especially at high pressures and low temperatures. These
deviations occur because molecules have finite volume and experience intermolecular forces.
The van der Waals equation modifies the ideal gas law to account for these effects, introducing
correction terms for pressure and volume.

Fill in the blank: The van der Waals equation introduces correction terms for and volume
to describe real gases.

IDEAL VS. REAL GASES:
VAN DER WALS CORRECTIONS

VISUALIZING DEVIATIONS FROM IDEAL BEHAVIOR

1

Real Gas
(van Der Wadlels Equation)

Ideal Gas Law

Presssure (P

Volume (V)

Ideal Gas Law: PV = V=nRT

van the Waddels Equation: (P + a(n)V?)(V — nb) = nRT
e a: accounts intermrmultae forces

e b: accounts finite molecular size

A& FUNDAMENALS OF PHYSICAL CHEMISTRY & STATISTICAL MECHANICS

Figure 3.7 Comparison of ideal and real gas behaviour

3.4.2 Statistical treatment of solids and liquids

Unlike gases, solids and liquids have particles that are closely packed, leading to strong
intermolecular interactions. Statistical thermodynamics provides tools to study their properties,
such as lattice vibrations in solids (phonons) and molecular arrangements in liquids. These
models help explain phenomena like heat capacity in solids and phase transitions.

)
she-a) LA-NET | ONLINE LEARNING VIDEO PLATFORM FOR POST-SECONDARY & HIGHER INSTITUTION STUDENTS



Fill in the blank: In solids, lattice vibrations are often described using the concept of

Lattice Vibrations in a Crystalinle Solid
Visualizing Phonons

- Collective
Atomic Vibrations
(Phonons)

* Quantized waves of
displacement
+ Carry energy and momentum
+ Behaves like a particle (boson)
* Responsible for heat
capacity & thermal
conducttivity

Open Educational Resorce

Figure 3.8 Lattice vibrations in solids (phonons)

3.4.3 Introduction to quantum statistics (Fermi-Dirac, Bose-Einstein)

At very low temperatures or in systems where particles are indistinguishable, classical statistics
no longer apply. Insuch cases, quantum statistics are used to describe particle behaviour.

Fermi-Dirac statistics apply to particles known as fermions, such as electrons, protons, and
neutrons. These particles obey the Pauli exclusion principle, which means that no two fermions
can occupy. the same quantum state simultaneously. This principle explains the electronic
structure of atoms and the behaviour of electrons in metals and semiconductors.

Bose-Einstein statistics apply to particles called bosons, such as photons and helium-4 atoms.
Unlike fermions, bosons can share the same quantum state, which leads to remarkable
phenomena such as Bose-Einstein condensation, where particles collectively occupy the lowest
energy state. This behaviour underpins technologies like lasers and has been observed in
ultracold atomic gases.

Fill in the blank: Fermi-Dirac statistics apply to particles that obey the exclusion
principle.

-
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Pilot questions 3.4

Explain why real gases deviate from the ideal gas law.

State the van der Waals equation and describe the significance of its correction terms.
Define phonons and explain their role in the statistical treatment of solids.

Describe how statistical thermodynamics accounts for the properties of liquids.
Distinguish between Fermi-Dirac and Bose-Einstein statistics, giving one example of
each.

Nk W=

Series Summary

This Series has introduced you to the foundations of statistical thermodynamics, showing how
microscopic particle behaviour underpins macroscopic thermodynamic laws. Its purpose has
been to provide you with the tools to connect probability, energy distributions, and partition
functions with measurable properties such as entropy, internal energy, and Gibbs free energy. By
working through the content, you have seen how statistical mechanics explains both ideal and
non-ideal systems, and how classical and quantum statistics extend our understanding of matter.

We began with the fundamentals of microstates, macrostates, and the Boltzmann relation, then
moved on to partition functions and their role in deriving thermodynamic properties. Following
that, we applied these concepts to ideal systems; exploring the ideal gas law, heat capacities, and
the equipartition theorem. Finally, we examined non-ideal and advanced applications, including
real gases, solids, liquids, and quantum statistics. In line with the Series Learning Outcomes, you
should now be able to define and explain key concepts, apply partition functions to calculate
properties, derive and evaluate the behaviour of ideal gases, and distinguish between classical
and quantum statistical models.

Concept Check Questions [Series 3]

Objective Questions

1. Define a microstate in statistical thermodynamics. (Linked to SLO 3.1)

2. State what is meant by a macrostate. (Linked to SLO 3.2)

3. Write the Boltzmann relation for entropy. (Linked to SLO 3.3)

4. ' Define the term partition function. (Linked to SLO 3.4)

5. Identify the four contributions to the molecular partition function. (Linked to SLO 3.5)
6. State how entropy can be derived from the partition function. (Linked to SLO 3.6)

7. Derive the ideal gas law using statistical mechanics. (Linked to SLO 3.7)

8. State the equipartition theorem. (Linked to SLO 3.8)

9. Explain why real gases deviate from ideal behaviour. (Linked to SLO 3.9)

10. Identify which quantum statistics apply to electrons. (Linked to SLO 3.10)

)
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Short-Answer Questions
11. Explain the difference between microstates and macrostates. (Linked to SLO

3.2)

12. Describe the significance of the partition function in thermodynamics. (Linked
to SLO 3.4)

13. Outline how the translational partition function leads to the ideal gas law.
(Linked to SLO 3.7)

14. Analyse the role of degrees of freedom in determining heat capacity. (Linked to
SLO 3.8)

15. Evaluate why quantum statistics are necessary at very low, temperatures.
(Linked to SLO 3.10)

Long-Answer Questions
16. Discuss the relationship between microstates, macrostates, and entropy, using
the Boltzmann relation. (Linked to SLOs 3.1, 3.2, 3.3)

17.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Explain the role of partition functions in calculating thermodynamic properties such as

internal energy, enthalpy, entropy, and Gibbs free energy. (Linked to SLOs 3.5, 3.6)

18.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Evaluate the application of statistical mechanics to ideal gases, focusing on the ideal gas

law, heat capacity, and the equipartition theorem. (Linked to SLOs 3.7, 3.8)

19.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Assess the importance of statistical thermodynamics in explaining non-ideal systems such

as real gases, solids, and liquids. (Linked to SLO 3.9)

20.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Analyse the differences between Fermi-Dirac and Bose-Einstein statistics, giving

examples of systems where each applies. (Linked to SLO 3.10)

-
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Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.
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Answers to Concept Check Questions [Series 3]

Objective Questions

1. A microstate is a specific arrangement of particles defined by their positions and energies.

2. A macrostate is the overall condition of a system described by bulk properties such as pressure,
volume, and temperature.

3. S=kInW

E

A partition function is a mathematical expression that summarises the statistical properties of a
system.

Translational, rotational, vibrational, and electronic contributions.

Entropy is obtained from the logarithm of the partition function.

The ideal gas law (PV = NkT) is derived using the translational partition function.

The equipartition theorem states that each degree of freedom contributes 1/2kT to the energy.
. Real gases deviate due to finite molecular volume and intermolecular forces.

10. Fermi-Dirac statistics.

© oo No W

Short-Answer Questions

11. Microstates are individual particle arrangements, while macrostates are bulk properties of the
system.

12. The partition function links-microscopic energy levels to macroscopic properties such as
entropy and free energy.

13. The translational partition function leads to (PV = NkT), showing the link between molecular
motion and bulk behaviour.

14. Degrees of freedom determine how energy is distributed, influencing heat capacity values.
15. At very low temperatutes, classical statistics fail, and quantum statistics are required to
describe particle behaviour.

Long-Answer Questions

16. Basic response: Microstates are detailed particle arrangements, macrostates are bulk
properties, and entropy measures disorder using the Boltzmann relation.

Value-added response: Learners may extend to information theory, where entropy measures
uncertainty, showing broader applications.

17. Basic response: Partition functions allow calculation of internal energy, enthalpy,
entropy, and Gibbs free energy.

Value-added response: Learners may add applications in spectroscopy, where vibrational and
rotational contributions explain observed spectra.

18. Basic response: Statistical mechanics explains ideal gas behaviour, deriving the ideal gas
law, heat capacity, and equipartition theorem.

-
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Value-added response: Learners may add advanced insights into polyatomic gases and how
deviations are predicted at higher complexity.

19.

Basic response: Statistical thermodynamics explains non-ideal systems by accounting

for intermolecular forces and lattice vibrations.
Value-added response: Learners may add modern applications such as modelling phase
transitions and condensed matter physics.

20.

Basic response: Fermi-Dirac statistics apply to fermions like electrons, while Bose-

Einstein statistics apply to bosons like photons.
Value-added response: Learners may add examples such as superconductivity (Fermi-Dirac)
and Bose-Einstein condensates in ultracold gases.

Answers to Pilot Questions [Series 3]

Part 3.1 Fundamentals of Statistical Thermodynamics

1.
2.

A microstate is a specific arrangement of particles defined by theirpositions and energies.

A macrostate is the overall condition of.a system described by bulk properties such as pressure,
volume, and temperature.

The Boltzmann distribution states that the probability of a microstate is proportional to
e*(—E/KT)

The Boltzmann relation is S = k In W, where (S) is entropy, (k) is Boltzmann’s constant, and (W) is
the number of microstates.
Entropy increases when the number of microstates available to a system becomes larger.

Part 3.2 Partition Functions and Thermodynamic Properties

1. A partition function is a mathematical expression that summarises the statistical properties
of a system.

2. Itis considered a bridge because it links microscopic energy levels to macroscopic
thermodynamic properties.

3.  The total-molecular partition function is Q = Qtrans * Qrot * Quip * QeleC

4. Translational contributions account for molecular motion in space, while rotational
contributions describe energy from molecular rotation.

5. Entropy can be derived from the logarithm of the partition function.

Part 3.3 Applications to Ideal Systems

-

Do)

The ideal gas law (PV = NKT) is derived using the translational partition function.

Heat capacity is the amount of heat required to raise the temperature of a substance by one
unit, explained by the equipartition theorem.

The equipartition theorem states that each degree of freedom contributes 1/2kT to the energy.
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Monatomic gases have lower heat capacities because they possess only translational degrees of
freedom, unlike diatomic gases which also have rotational and vibrational modes.

Degrees of freedom determine how energy is distributed among particles, influencing thermal
properties such as heat capacity.

Part 3.4 Non-Ideal and Advanced Applications

1. Real gases deviate from the ideal gas law due to finite molecular volume and intermolecular
forces.

2. Thevan der Waals equation is (P + a/V?)(V - b) = RT, where (a) and (b) are correction terms
for pressure and volume.

3. Phonons are quantised lattice vibrations in solids that explain heat.capacity and other
thermal properties.

4. Statistical thermodynamics accounts for liquids by modelling molecular arrangements and
intermolecular interactions.

5. Fermi-Dirac statistics apply to fermions such as electrons; while Bose-Einstein statistics
apply to bosons such as photons.

Series 4: Ideal and Non-Ideal Solutions in
Chemistry

Part 1 Fundamentals of Seolutions

4.1.1 Definition and types of solutions
4.1.2 Concentration terms (molarity, molality, mole fraction)
4.1.3 Raoult’s law and ideal solution behaviour

Part 2 Non-Ideal Solutions

4.2.1 Deviations from Raoult’s law (positive and negative)
4.2.2 Activity and activity coefficients
4.2.3 Excess functions (enthalpy, Gibbs free energy)

Part 3 Thermodynamic Treatment of Solutions

4.3.1 Chemical potential in solutions
4.3.2 Partial molar quantities
4.3.3 Gibbs—Duhem relation

Part 4 Applications and Case Studies
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e 4.4.1 Colligative properties (boiling point elevation, freezing point depression, osmotic
pressure)

e 4.4.2 Industrial and laboratory examples of non-ideal behaviour

e 4.4.3 Relevance to chemical engineering and material science

Introduction

Solutions are central to chemistry, whether in everyday contexts such as salt.dissolving in water
or in advanced industrial processes like drug formulation and material design. Understanding
how solutions behave, both ideally and non-ideally, is essential for predicting chemical
interactions, designing experiments, and applying thermodynamic principles to real systems.
This Series builds on the statistical foundations explored previously and now directs attention to
the behaviour of mixtures, preparing you to connect theory with practice in-.chemical sciences.

The aim of this Series is to equip you with the knowledge and skills to‘distinguish between ideal
and non-ideal solutions, apply thermodynamic principles to solution behaviour, and interpret
their practical implications in laboratory and industrial settings.

We shall commence this Series by examining the fundamentals of solutions, including
definitions, concentration terms, and the application of Raoult’s law to ideal behaviour. Next, we
will explore non-ideal solutions, focusing on deviations from Raoult’s law, activity coefficients,
and excess functions. Following that, we will move on to the thermodynamic treatment of
solutions, where concepts such as chemical potential, partial molar quantities, and the Gibbs—
Duhem relation will be introduced: Finally, we will conclude with applications and case studies,
considering colligative properties and examples of non-ideal behaviour in industry and chemical
engineering.

Series Learning QOutcomes

Upon completing this Series, you should be able to:

e  define solutions and describe different concentration terms such as molarity, molality,
and mole fraction,

e explain Raoult’s law and demonstrate how it applies to ideal solution behaviour,

o analyse deviations from Raoult’s law in non-ideal solutions, distinguishing between
positive and negative deviations,

o apply the concepts of activity and activity coefficients to quantify non-ideal solution
behaviour,
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o evaluate excess thermodynamic functions such as enthalpy and Gibbs free energy in
solution studies,

o explain the role of chemical potential and partial molar quantities in the thermodynamic
treatment of solutions,

e demonstrate the use of the Gibbs—Duhem relation in analysing solution properties, and

o apply knowledge of colligative properties and case studies to interpret practical examples
of solution behaviour in laboratory and industrial contexts.

4.1 Fundamentals Of Solutions

4.1.1 Definition and types of solutions

A solution is a homogeneous mixture of two or more substances, where one substance (the
solute) is uniformly dispersed within another (the solvent). Solutions can exist in‘different
phases, such as solid, liquid, or gas. For example, salt dissolved.in water forms a liquid solution,
while alloys like brass represent solid solutions.

Solutions are classified based on the physical state of the solute and solvent, as well as the
concentration of solute. Common types include gaseous solutions; liquid solutions, and solid
solutions.

Fill in the blank: A solution is a mixture in which the solute is uniformly dispersed in the

TYPES OF SOLUTIONS:
BY PHYSICAL STATE

VISUALIZING SOLUTE & SOLVENT COMBINATIONS
1. e 3.
GASEOUS LIQUID SOLID
SOLUTIONS SOLUTIONS SOLUTIONS

= -

Example: Saltwater

(Soid NaCL in H,O) Example: Brass

(Solid Zn & Cu alloy)

Example: Air

(O2 & N, gases) Carbonated Drink
(Gas CO,, in H,O)

[ Solution = Solute + Sowent ]

ZE FUNDAMEN:ILS OF PHYSICAL CHEMISTRY & SOLUTIONS PRy 1

solvent.

Figure 4.1 Types of solutions based on physical state

4.1.2 Concentration terms (molarity, molality, mole fraction)

The concentration of a solution expresses the amount of solute present relative to the solvent or
the total solution. Several terms are used to describe concentration:

-
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e Molarity (M): The number of moles of solute per litre of solution.

e Molality (m): The number of moles of solute per kilogram of solvent.

e Mole fraction (x): The ratio of the number of moles of a component to the total number of
moles in the mixture.

These measures are important because they allow chemists to prepare solutions accurately and
predict their behaviour in reactions.

Fill in the blank: Molarity is defined as the number of of solute per litre of solution.

4.1.3 Raoult’s law and ideal solution behaviour

An ideal solution is one that obeys Raoult’s law, which states that the partial vapour pressure of
each component in a solution is proportional to its mole fraction.

Mathematically, this is expressed as:
Pa = Xa Pao
Where:
e P, =partial vapour pressure of component A
e X, =mole fraction of component A
e P.° =vapour pressure of pure.component A
Ideal solutions are characterised by the absence of intermolecular interactions beyond those

present in the pure components. This means that mixing does not involve enthalpy change or
volume change.
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Fill in the blank: According to Raoult’s law, the partial vapour pressure of a component is
roportional to its fraction.

Figure 4.2 Raoult’s law applied to ideal solutions
Vapor Pressure of an Ideal Binary Solution

P,° Py

Vapor Pesure (P)

(o) t t t t t t

(8] = =2 5 6 1 1

Pure Component 2 Pure Component 1
Mole Fraction of Component 1 (X))
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Figure 4.2 Raoult’s law applied toideal solutions.

Pilot questions 4.1

Define a solution.and give one example each of solid, liquid, and gaseous solutions.
State the difference between solute and solvent.

Write the definitions of molarity, molality, and mole fraction.

Explain.Raoult’s law and its significance in describing ideal solution behaviour.
What characterises an ideal solution in terms of enthalpy and volume change?

ik wnN e

4.2 Non-Ideal Solutions

4.2.1 Deviations from Raoult’s law

A non-ideal solution is one that does not obey Raoult’s law across the entire composition range.
In such solutions, intermolecular interactions between solute and solvent differ from those in the
pure components. This leads to either positive deviations (where vapour pressure is higher than
predicted) or negative deviations (where vapour pressure is lower than predicted).

Positive deviations occur when solute—solvent interactions are weaker than those in the pure
substances, making it easier for molecules to escape into the vapour phase. Negative deviations
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occur when solute—solvent interactions are stronger, reducing the tendency of molecules to
vaporise.

Fill in the blank: A solution shows deviation when solute—solvent interactions are
stronger than those in the pure components.

RAOUT’S LAW DEVIATIONS: NON-IDEAL SOLUTIONS
VISUALIZING VAPOR PRESSURE BEHAVIOR OF BINATY MIXTURES
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Mole Fraction of Component B (xg)

FUNDAMENTALS OF PHYSICAL CHEMISTRY & SOLUTIONS

Caption: Figure 4.3 Deviations from Raoult’s law in nen-ideal solutions

4.2.2 Activity and activity coefficients

In non-ideal solutions; the effective concentration of a component is not simply its mole fraction.
Instead, we use the‘coneept of activity, which represents the “effective concentration” that
accounts for interactions between particles.

The activity coefficient (y) is a factor that corrects the mole fraction to give the activity.
Mathematically, activity is expressed as:

ai =i Xi

Where:

e a; = activity of component i

vi = activity coefficient of component i
Xi = mole fraction of component i

Fill in the blank: The activity coefficient equals when a solution behaves ideally.

-
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4.2.3 Excess functions (enthalpy, Gibbs free energy)

Non-ideal solutions often involve changes in enthalpy and Gibbs free energy upon mixing. These
are described using excess functions, which measure the difference between actual values-and
those predicted for an ideal solution.

o Excess enthalpy (HF): Indicates whether mixing releases or absorbs heat.
o Excess Gibbs free energy (GF): Reflects the deviation of free energy from ideal
behaviour, often linked to activity coefficients.

Excess functions are important because they quantify the extent of non-ideality and help
chemists predict solution behaviour in real systems.

Fill in the blank: Excess Gibbs free energy is closely related to coefficients in non-ideal
solutions.

Pilot questions 4.2

1. Distinguish between positive and negative deviations from Raoult’s law.
. Define activity and explain its significance in non-ideal solutions.
3. Write the mathematical expression relating activity, mole fraction, and activity
coefficient.
4. State the condition of the activity coefficient for an ideal solution.
5. Explain the meaning of excess enthalpy and excess Gibbs free energy in solution studies.

4.3 Thermodynamic Treatment Of Solutions

4.3.1 Chemical potential in solutions

The chemical potential is the partial molar free energy of a component in a system. It represents
the change in/Gibbs free energy when one mole of a substance is added, keeping temperature,
pressure, and the amounts of other components constant. In solutions, chemical potential is a key
quantity because it determines the direction of mass transfer and equilibrium conditions.

Mathematically, for component (i):
i= (0Gni)T, P, nj #i

)
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Fill in the blank: The chemical potential of a component is defined as the partial free
energy per mole.

Figure 4.3 Chemical potential in solutions
Chemical Potential as a Derivative of Gibbs Free Energy

A
G(n)

Slope = (8G/n) =
(Chemical Potential)

Gitbs Free Energy (G)

} i Il Il
T T

Number of Moles (n) L

y

-

Chemical Potential (u) is the change of Gibbs Free Energy
when one mole of substance as added, kedin, keeping
temperature and pressure constant. u = (H8G/2n) 1.p
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Figure 4.3 Chemical potential in solutions

4.3.2 Partial molar quantities

A partial molar quantity is the contribution of a component to an extensive property of the
mixture, such as volume, enthalpy, or Gibbs free energy. It reflects how the property changes
when the amount of that component changes, while other conditions remain constant.

For example, the partial molar volume of component (i) is:
Vi= (0Vni)T, P, nj #i

Partial molar quantities are important because they allow us to describe solution properties in
terms of individual components, even though the system behaves collectively.
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Fill in the blank: A partial molar quantity expresses the contribution of a component to an
property of the mixture.

PARTIAL MOLAR VOLUME: BINARY SOLUTIONS
VISUALIZING COMPONENT CONTRIBUTIONS TO TOTAL VOLUME

I 2
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A (Solvent) B (Solute)

V = Total Volume na, n
n,s = Moles of A, B = Partial Molar Volumes of A; B

. SVA is the change in V when 1 mole of A is adle of is added to a
large amount in solution.
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Caption: Figure 4.4 Partial molar quantities in binary solutions

4.3.3 Gibbs—Duhem relation

The Gibbs—Duhem relation connects the chemical potentials of all components in a mixture. It
ensures that changes in chemical potential are not independent but related through composition.

The relation is expressed as:
inidi= 0

This equation means that if the chemical potential of one component changes, the potentials of
the others must adjust accordingly. The Gibbs—Duhem relation is fundamental in
thermodynamics because it maintains consistency between solution properties.

Fill in the blank: The Gibbs—Duhem relation shows that the chemical potentials of components in
a mixture are not

Pilot questions 4.3

Define chemical potential and explain its importance in solutions.

Write the mathematical expression for chemical potential.

Define partial molar quantities and give one example.

State the Gibbs—Duhem relation and explain its significance.

Why are changes in chemical potential of components in a mixture not independent?

ukwn e
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4.4 Applications And Case Studies
4.4.1 Colligative properties

Colligative properties are solution properties that depend only on the number of solute particles,
not their identity. These include boiling point elevation, freezing point depression, and
osmotic pressure. They arise because solute particles disrupt the solvent’s ability to change
phase, altering the vapour pressure and other thermodynamic characteristics.

For example, adding salt to water lowers its freezing point, which explains why salt is used to
melt ice on roads. Similarly, osmotic pressure is critical in biological systems, where it governs
water movement across cell membranes.

Fill in the blank: Colligative properties depend only on the number of particles in a
solution.

Caption: Figure 4.5 Colligative properties.of solutions
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4.4.2 Industrial and laboratory examples of non-ideal behaviour

Non-ideal solution behaviour is frequently observed in both laboratory and industrial contexts.
For instance, ethanol and water mixtures show negative deviations from Raoult’s law due to
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hydrogen bonding, while acetone and chloroform mixtures show positive deviations because of
weaker interactions.

In industry, understanding non-ideal behaviour is essential for designing separation processes
such as distillation and extraction. Chemists rely on activity coefficients and excess functions to
predict how mixtures will behave under different conditions.

Fill in the blank: Ethanol and water mixtures show deviations from Raoult’s law due to
hydrogen bonding.

4.4.3 Relevance to chemical engineering and material science

The study of solution behaviour has wide applications in chemical engineering and material
science. In chemical engineering, accurate models of solution properties are used to design
processes such as solvent extraction, crystallisation, and polymer blending. In material science,
solution thermodynamics helps explain alloy formation and the behaviour of composite
materials.

By applying the principles of ideal and non-ideal solutions, engineers and scientists can predict
outcomes, optimise processes, and develop new materials with desired properties.

Fill in the blank: Solution thermodynamics is applied in material science to explain the formation
of

Solution thermodynamics has wide-ranging applications that connect theory to practice in both
industry and material science.

In industry, it underpins processes such as distillation, extraction, crystallisation, and polymer
blending. By understanding how solutions deviate from ideal behaviour, engineers can design
efficient separation techniques, optimise solvent use, and predict product yields. Activity
coefficients and excess functions are particularly important for modelling chemical processes
and ensuring accurate control in large-scale production.

In material science, solution thermodynamics explains alloy formation, composite behaviour,
and polymer solutions. It helps scientists predict how different components mix, stabilise, or
separate, which is.crucial for developing new materials with desired mechanical, thermal, or
electrical properties. Applications range from designing lightweight alloys for aerospace to
creating advanced polymers for electronics and packaging.

In short, solution thermodynamics provides the predictive framework that allows chemists,
engineers, and material scientists to move from laboratory principles to real-world innovations.

Pilot questions 4.4
1. Define colligative properties and give two examples.
2. Explain why adding salt lowers the freezing point of water.
3. State one example of a mixture that shows negative deviation from Raoult’s law.
4. Describe how non-ideal solution behaviour is important in industrial separation processes.
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5. Explain one application of solution thermodynamics in material science.

Series Summary

This Series has focused on the behaviour of solutions, both ideal and non-ideal, highlighting their
importance in chemistry, industry, and everyday applications. Its purpose has been to help you
understand how solutions are defined, how their properties are measured, and how
thermodynamic principles explain their behaviour. By working through the content, you have
seen how ideal solutions follow Raoult’s law, how non-ideal solutions deviate due to molecular
interactions, and how thermodynamic tools such as chemical potential and partial molar
quantities provide deeper insight.

We began with the fundamentals of solutions, including concentration terms and ideal behaviour.
Then we examined non-ideal solutions, considering deviations from Raoult’s law, activity
coefficients, and excess functions. Following that, we explored the thermodynamic treatment of
solutions, focusing on chemical potential, partial molar propetties, and the Gibbs—Duhem
relation. Finally, we applied these concepts to practical examples, including colligative
properties and industrial case studies. In line with the Series Learning Outcomes, you should
now be able to define and explain key solution concepts, apply Raoult’s law to ideal systems,
analyse deviations in non-ideal behaviour, evaluate thermodynamic functions, and apply solution
principles to laboratory and industrial contexts.

Concept Check Questions [Series 4]

Objective Questions

1. Define a solution and identify its two main components. (Linked to SLO 4.1)

2. State Raoult’s law for an ideal solution. (Linked to SLO 4.2)

3. Distinguishrbetween positive and negative deviations from Raoult’s law. (Linked to SLO 4.3)

4. Write the mathematical expression for activity in terms of mole fraction and activity coefficient.
(Linked to SLO 4.4)

5. .State the condition of the activity coefficient for an ideal solution. (Linked to SLO 4.4)

6. Define excess enthalpy. (Linked to SLO 4.5)

7. Write the expression for chemical potential in terms of Gibbs free energy. (Linked to SLO 4.6)

8. State the Gibbs—Duhem relation. (Linked to SLO 4.7)

9. Listtwo colligative properties. (Linked to SLO 4.8)

10. Give one industrial application of non-ideal solution behaviour. (Linked to SLO 4.8)

Short-Answer Questions

11. Explain the difference between molarity and molality. (Linked to SLO 4.1)

12. Describe how Raoult’s law explains vapour pressure in ideal solutions. (Linked to SLO 4.2)
13. Analyse why ethanol and water mixtures show negative deviations from Raoult’s law.
(Linked to SLO 4.3)

14. Explain the significance of activity coefficients in quantifying non-ideal behaviour. (Linked
-
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to SLO 4.4)

15. Evaluate the importance of excess Gibbs free energy in solution thermodynamics. (Linked to
SLO 4.5)

16. Define partial molar quantities and give one example. (Linked to SLO 4.6)

17. Explain why the Gibbs—Duhem relation ensures consistency in solution properties. (Linked
to SLO 4.7)

18. Describe how colligative properties are applied in everyday life. (Linked to SLO 4.8)

Long-Answer Questions
19. Discuss the fundamentals of solutions, including definitions, concentration terms, and ideal
behaviour. (Linked to SLOs 4.1, 4.2)

e Basic response: Based on Series-only knowledge.
¢ Value-added response: For outstanding learners who go beyond the basics.

20. Analyse deviations from Raoult’s law and explain the role of activity and activity coefficients in
non-ideal solutions. (Linked to SLOs 4.3, 4.4)

e Basic response: Based on Series-only knowledge.
e Value-added response: For outstanding learners who go beyond the basics.

21. Evaluate the thermodynamic treatment of solutions, focusing on chemical potential, partial
molar quantities, and the Gibbs—Duhem relation. (Linked to SLOs 4.6, 4.7)

e Basicresponse: Based on Series<only knowledge.
e Value-added response: For outstanding learners who go beyond the basics.

22. Assess the applicationsof solution behaviour in colligative properties, industry, and material
science. (Linked to SLO 4.8)

e Basic response: Based on Series-only knowledge.
e Value-added response: For outstanding learners who go beyond the basics.

Answers to Concept Check Questions [Series 4]

Objective Questions

1. Asolution is a homogeneous mixture consisting of a solute and a solvent.

2. PA=XAPAO.

3. | Positive deviations occur when interactions are weaker than expected; negative deviations
occur when interactions are stronger.

4. ai=iXi.

(y=1).

6. Excess enthalpy is the difference between the actual enthalpy of mixing and that predicted for
an ideal solution.

7. i=(9Gni)T, P, nj #i

-
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8. inidi= 0.
9. Boiling point elevation and freezing point depression.
10. Distillation of ethanol-water mixtures.

Short-Answer Questions

11. Molarity is moles of solute per litre of solution; molality is moles of solute per kilogram of
solvent.

12. Raoult’s law states that the partial vapour pressure of a component is proportional to its mole
fraction.

13. Ethanol and water show negative deviations due to hydrogen bonding, which strengthens
interactions.

14. Activity coefficients adjust mole fractions to account for non-ideal behaviour:

15. Excess Gibbs free energy measures deviation from ideality and is linked to activity
coefficients.

16. Partial molar volume is an example, showing how each component contributes to total
volume.

17. The Gibbs—Duhem relation ensures that.changes in chemical potential are interdependent.
18. Colligative properties explain phenomena such as salting roads to lower freezing point.

Long-Answer Questions

19. Basic response: Solutions are homogeneous mixtures defined by solute and solvent.
Concentration terms include molarity, molality, and mole fraction. Ideal solutions obey Raoult’s
law.

Value-added response: Learners may add practical examples such as preparing standard
solutions in laboratories and-applying Raoult’s law in vapour pressure measurements.

20. Basic response: Deviations from Raoult’s law occur due to intermolecular forces.
Activity and activity coefficients quantify these deviations.

Value-added response: Learners may add industrial examples such as acetone—chloroform
mixtures and their relevance in:separation processes.

21. Basic response: Thermodynamic treatment involves chemical potential, partial molar
quantities, and the Gibbs—Duhem relation.

Value-added response: Learners may add advanced applications such as modelling multi-
component systems in chemical engineering.

22. Basic response: Colligative properties include boiling point elevation and osmotic
pressure. Industrial applications include distillation and solvent extraction.

Value-added response: Learners may add material science applications such as alloy formation
and polymer blending, showing the broader relevance of solution thermodynamics.

Answers to Pilot Questions [Series 4]

)
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Part 4.1 Fundamentals of Solutions

1. Asolution is a homogeneous mixture; examples include brass (solid), salt water (liquid), and air
(gas).

2. The solute is the substance dissolved, while the solvent is the medium in which it is dissolved.

3. Molarity is moles of solute per litre of solution, molality is moles of solute per kilogram of
solvent, and mole fraction is the ratio of moles of a component to total moles.

4. Raoult’s law states that the partial vapour pressure of a component is proportional to its mole
fraction.

5. Anideal solution shows no enthalpy or volume change upon mixing.

Part 4.2 Non-Ideal Solutions

1. Positive deviations occur when intermolecular forces are weaker than expected; negative
deviations occur when they are stronger.

Activity is the effective concentration of a component in'a non-ideal solution.

ai= iXi.

The activity coefficient equals 1 in an ideal solution.

Excess enthalpy measures heat absorbed or released on mixing, while excess Gibbs free energy
reflects deviations in free energy from ideal behaviour.

ukwnN

Part 4.3 Thermodynamic Treatment of Solutions

1. Chemical potential is the partial molar free energy of a component in a system.

i= (0Gni) T, nj #i.

3. A partial molar quantity is the contribution of a component to an extensive property, such as
partial molar volume.

N

4. inidi= 0.
5. Because the Gibbs—Duhem relation requires that changes in chemical potential are
interdependent.

Part 4.4 Applications and Case Studies

1./ Colligative properties are solution properties dependent on the number of solute particles;
examples are boiling point elevation and osmotic pressure.

Salt lowers the freezing point of water by disrupting the solvent’s ability to form a solid lattice.
Ethanol and water mixtures show negative deviation from Raoult’s law.

Non-ideal behaviour is important in separation processes such as distillation and extraction.
Solution thermodynamics explains alloy formation and polymer blending in material science.

Ly - A
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Series 5: Colligative Properties and
Biochemical Systems

Part 1 Fundamentals of Colligative Properties

5.1.1 Definition and significance of colligative properties
5.1.2 Vapour pressure lowering

5.1.3 Boiling point elevation and freezing point depression
5.1.4 Osmotic pressure

Part 2 Thermodynamic Basis of Colligative Properties

5.2.1 Relation to Raoult’s law and ideal solutions
5.2.2 Mathematical treatment of colligative properties
5.2.3 Limitations and deviations in real systems

Part 3 Applications in Biochemical Systems

5.3.1 Osmosis in biological membranes
5.3.2 Role of colligative properties in cellular processes
5.3.3 Cryoprotection and biochemical stability

Part 4 Case Studies and Industrial Applications

5.4.1 Food preservationand freezing techniques
5.4.2 Pharmaceutical formulations and drug delivery
5.4.3 Environmental and medical relevance

Introduction

In everyday life, we encounter phenomena such as salt lowering the freezing point of water or
sugar influencing the boiling point of a syrup. These are not just kitchen curiosities but examples
of colligative properties, which depend on the number of solute particles rather than their
identity. In biological systems, similar principles govern vital processes such as osmosis across
cell membranes and the stability of biomolecules. This Series therefore bridges fundamental

chemistry with its direct relevance to biochemistry and industry.

The aim of this Series is to equip you with the knowledge to explain colligative properties, apply
their thermodynamic basis, and analyse their role in biochemical and industrial systems. By the
end, you should be able to connect theoretical principles with practical applications in both
laboratory and real-world contexts.

-
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We shall commence this Series by exploring the fundamentals of colligative properties,
including vapour pressure lowering, boiling point elevation, freezing point depression, and
osmotic pressure. Next, we will examine the thermodynamic basis of these properties, linking
them to Raoult’s law and considering mathematical treatments and limitations. Following that,
we will move on to applications in biochemical systems, focusing on osmosis, cellular processes,
and cryoprotection. Finally, we will conclude with case studies and industrial applications,such
as food preservation, pharmaceutical formulations, and environmental relevance, thereby
rounding off the Series with practical insights.

Series Learning Outcomes

Upon completing this Series, you should be able to:

o define colligative properties and explain their significance in chemistry,

e describe vapour pressure lowering, boiling point elevation, freezing point depression, and
osmotic pressure,

o analyse the thermodynamic basis of colligative properties in relation to Raoult’s law and
ideal solutions,

o demonstrate the mathematical treatment of colligative properties and identify limitations
in real systems,

e explain the role of osmosis in biological membranes and cellular processes,

o cvaluate the importance of colligative properties in biochemical stability and
cryoprotection,

o apply knowledge of colligative properties to case studies in food preservation,
pharmaceuticals, and envitonmental systems, and

o assess industrial applications of solution thermodynamics in drug delivery and material
science.

5.1 Fundamentals Of Colligative Properties

5.1.1 Definition and significance of colligative properties

Colligative properties are physical properties of solutions that depend only on the number of
solute particles present, not on their chemical identity. They arise because solute particles
interfere with the solvent’s ability to change phase, altering properties such as vapour pressure,
boiling point, freezing point, and osmotic pressure.

These properties are significant because they allow chemists to determine molar masses of
solutes, study solution behaviour, and explain everyday phenomena such as salting roads in
winter or preserving food.

Fill in the blank: Colligative properties depend only on the of solute particles, not their
identity.
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1. PURE SOLVENT 2. SOLUTION
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of colligative properties in solutions

5.1.2 Vapour pressure lowering

When a non-volatile solute ded to a solvent, the vapour pressure of the solution decreases
rent. This is explained by Raoult’s law, which states that the vapour

e blank: Vapour pressure lowering occurs when a solute is added to a solvent.
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VAPOR PRESSURE LOWERING: Coligative Property of Solutions

Effect of Non-Volatile Solute on Solvent Vapor Presture
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KEY TAKENAY: Adding a non-voilatle solute reduces the solvent’s ability of

evaprate, resulting a lower vapor pressure and a higher boiling point

Figure 5.2 Vapour pressure lowering in solutions
5.1.3 Boiling point elevation and freezing point depression

Adding solute particles raises the boiling point of a solution and lowers its freezing point.
These effects occur because vapour pressure is reduced, requiring a higher temperature to reach
boiling, and because solute particles disrupt the formation of a solid lattice during freezing.

Boiling point elevation and freezing point depression are widely used in practical contexts, such
as antifreeze in car engines and salting icy roads.

Fill in the blank: Adding solute particles lowers the point of a solution compared to the
pure solvent.
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Figure 5.3 Boiling point elevation and freezing point depression

5.1.4 Osmotic pressure

Osmotic pressure is the pressure required to stop the flow of solvent molecules through a

semipermeable membtane into.a solution. It is a direct consequence of solute particles reducing
solvent chemical potential.

Osmosis is vital in biological systems, where it regulates water movement across cell

membranes. The osmotic pressure can be calculated using the van’t Hoff equation:
n=MRT

Where:

e 7 = o0Smotic pressure

e M =molarity

o  R'=gas constant

e T = absolute temperature

Fill in the blank: Osmotic pressure is the pressure required to stop the flow of solvent through a
membrane.
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OSMOSSIS: SOLVENT FLOW ACROSS A
SEMIPEREMABLE MEXBRANE
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across a semipenable mesebrane, equalizing concentations and
creating osmotic pressure.

PHYSICAL CHEMISTRY & SOLUTION DYNAMICS VISUALIZATION

Figure 5.4 Osmotic pressure in solutions

Pilot questions 5.1

Define colligative properties and explain why they are significant.

State Raoult’s'law in relation to vapour pressure lowering.

Explain why adding solute particles raises the boiling point of a solution.
Describe how solute particles affect the freezing point of a solution.
Write the van’t Hoff equation for osmotic pressure.

Give one everyday example of colligative properties in action.

Ok wnN e

5.2 Thermodynamic Basis Of Colligative Properties

5.2.1 Relation to Raoult’s law and ideal solutions

Colligative properties are closely linked to Raoult’s law, which states that the vapour pressure of
a solvent in a solution is proportional to its mole fraction. In an ideal solution, this relationship
holds perfectly, and colligative properties such as vapour pressure lowering, boiling point
elevation, and freezing point depression can be predicted directly.

-
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The thermodynamic basis lies in the reduction of solvent chemical potential when solute
particles are present. This lowering of chemical potential explains why phase changes occur at
different temperatures in solutions compared to pure solvents.

Fill in the blank: Raoult’s law states that the vapour pressure of a solvent is proportional to its
fraction.

RAOULT'’S LAW: Vapor Pressure of Ideal Solutions

Linear Relationship with Mole Fraction
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KEY TAKEWAY: Raoult’s Law states that the partial vapor pressure of each component in

mixture is proportanal to its mole fraction and its pure liquid vapor pressure.

Figure 5.5 Raoult’s law and colligative properties

5.2.2 Mathematical treatment of colligative properties
The quantitative study of colligative properties uses thermodynamic equations. For example:

Boiling point elevation:
Tb=Kb-m

e where A Tb is the elevation in boiling point, Kb is the ebullioscopic constant, and (m) is
the molality of the solute.

Freezing point depression:
Tf= Kf'm

-
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e where A Tf is the depression in freezing point, Kf is the cryoscopic constant, and (m) is
the molality of the solute.

Osmotic pressure:
m= MRT

e where is osmotic pressure, (M) is molarity, (R) is the gas constant, and (T) is
temperature.

These equations allow chemists to calculate molar masses of solutes and predict solution
behaviour.

Fill in the blank: The equation for freezing point depression is ATy =Ky - m

Colligative Property | Equation Variables Defined
Relative lowering of PP0O= XB | P = lowering of vapour pressure; PO= vapour pressure
vapour pressure of pure solvent; XB/= mole fraction of solute
Boiling point elevation Th= Th = elevation in boiling point; Kb = ebullioscopic

Kb-m constant; (m) = molality of solute

Freezing point Tf= Kf'‘m_| Tf = depression in freezing point; Kf = cryoscopic
depression constant; (m) = molality of solute
Osmotic pressure = MR T | = osmotic pressure; (M) = molarity of solution; (R) =

gas constant; (T) = absolute temperature (Kelvin)

Caption: Table 5.1 Equations for colligative properties

5.2.3 Limitations and deviations in real systems

In practice, many solutions show deviations from ideal behaviour. These occur because real
solute—solvent interactions are not always negligible. For instance, electrolytes dissociate into
ions, increasing the number of particles and magnifying colligative effects.

To account for such deviations, the van’t Hoff factor (i) is introduced. It represents the effective
number of particles in solution compared to the expected number. For example, sodium chloride
dissociates into two ions, giving i = 2

Fill in the blank: van’t Hoff factor (i) accounts for the effective number of in solution.
P
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Colligative property equations, such as those for boiling point elevation, freezing point
depression, and osmotic pressure, are based on the assumption of ideal solutions where solute
particles do not interact strongly with each other or with the solvent. In reality, many systems
deviate from this ideal behaviour. For example, electrolytes dissociate into multiple ions,
increasing the effective number of particles, while strong solute—solvent interactions can reduce
the expected effect. These deviations mean that the simple equations often underestimate or
overestimate the property values.

To correct for this, the van’t Hoff factor (i) is introduced. It accounts for the effective number of
particles in solution compared to the theoretical number. However, even the van’t Hoff factor has
limitations. It assumes complete dissociation or association, which may not occur in practice due
to ion pairing, incomplete dissociation, or complex formation. As a result, the value of (i) can
vary with concentration and temperature, making it an approximation rather than a fixed
constant.

In summary, colligative property equations are powerful tools but must be applied with caution,
especially in real systems where non-ideal behaviour and variable dissociation affect accuracy.

Pilot questions 5.2

State Raoult’s law and explain its significance in colligative properties.

Write the equation for boiling point elevation and define each term.

Write the equation for freezing point depression.and define each term.

State the van’t Hoff equation for osmotic pressure.

Explain why electrolytes produce larger colligative effects than non-electrolytes.
Define the van’t Hoff factor and give one example.

ok wnE

5.3 Applications In Biochemical Systems

5.3.1 Osmosis in biological membranes

Osmosis is the movement of solvent molecules across a semipermeable membrane, from a
region of lower solute concentration to one of higher solute concentration. In biological systems,
osmosis is essential for maintaining cell volume and regulating water balance. For example, red
blood cells placed in-hypotonic solutions swell due to water influx, while those in hypertonic
solutions shrink as water leaves the cell.

Fill in the blank: Osmosis involves the movement of solvent molecules across a
membrane.
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OSMOMIS IN RED CECILS:

VISUALIZING CELLULAR RESPONSE

1. HYOPTONIC SOLUTION 2. HYPERTONIC
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Intside Inside Intside Leaves Cell

\
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Water Swat
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Osmosis in red blood bells causes water to move across to semipermable
membrane, membrane. In hypotonic solutions, water rusas in, causing the
cell to swell and burst. In huperponic solutras cell to shrink and crenate.

CELL BIOLOGY & SOLUTION DYNAMICS VISUALIZATION

Figure 5.6 Osmosis in biological membranes

5.3.2 Role of colligative properties in cellular processes

Cells rely on colligative properties to regulate internal environments. For instance, osmotic
pressure helps maintain turgor in plant cells, while freezing point depression protects organisms
living in cold environments. In humans, osmotic balance is vital for kidney function, where
water reabsorption depends on solute concentration gradients.

Colligative propetties also explain why dehydration affects cells: loss of water increases solute
concentration, altering 0smotic pressure and potentially damaging cellular structures.

Fill in the blank: Osmotic pressure helps maintain in plant cells.
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OSMOMTIC PRESSURE & TURGOR IN PLANT CELLS:

Maintaning Cellular Rigidity

1. TURGID CELL
(Isotonic/Hypotonic Solution)

Turgor Pressure

Water Enters
via Osmosis

Description: Water influx fills fills

vacolle, pressing against wail

wall. High turgr pressure provides
structural support.

Example: Crisp lettuce leaves.

2. PLASMOLYZED
(Hypertonic Solution)

via Osmosis
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Description: Water loss causes cell

membrane to detach detach to

detach to cell wall. Low turgr pressure
leads leads willting.

Example: Wilted plant

KEY TAKEWAY: Osmontic presture regulas water movement, generating

turgr that is vital for plant structure and function.

Figure 5.7 Role of osmotic pressure in plant cells

5.3.3 Cryoprotection and biochemical stability

Cryoprotection refers to the use of solutes such as glycerol or sugars to protect biological
tissues and molecules from damage during freezing. These solutes lower the freezing point of
water, preventing ice crystal formation that could rupture cells or denature proteins.

Cryoprotectants are widely used in preserving blood, sperm, and embryos, as well as in
stabilising enzymes and vaccines. By applying colligative principles, scientists ensure that
biological materials remain viable after storage at low temperatures.

Fill in the blank: Cryoprotectants prevent damage by lowering the

biological systems.
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BIOLOEICAL CRYPORESVATION:
Safagfarliing Samples at -196°C

Plate 5.2 Cryoprotection in biochemical systems

Pilot questions 5.3

Define osmosis and explain its importance in biological membranes.

Describe what happensto red blood cells in hypotonic and hypertonic solutions.
Explain the role of/'osmotic pressure in maintaining plant cell turgor.

State one example of how colligative properties are applied in human physiology.
Define cryoprotection and explain its significance in biochemical stability.

Give one example of a cryoprotectant used in preserving biological samples.

oy » W NP

5.4 Case Studies And Industrial Applications

5.4.1 Food preservation and freezing techniques

Food preservation often relies on colligative properties, particularly freezing point depression.
Adding solutes such as salt or sugar lowers the freezing point of water, preventing microbial
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growth and extending shelf life. This principle is applied in making ice cream smoother and in
preserving fruits with sugar syrups.

Fill in the blank: Freezing point depression is used in food preservation because it lowers the
point of water.

FREEZING POINT DEPRESION IN FOOD

VISUALIZING ICELLULAR MAKING CHEMITY

1. PURE WATER 2. ICE CREAM MIXTURE
High Solute (WITH SOLUTE)

—_— Concentration =
Intside
. ' Low

Water N - Leaves Cell
— -Solute (Sugar,
SOLUTE PARTICLES Salt) Addition

E— DISTRUPT CRYSTAL FORMATION

02C -3°%C

O°C Freezing Point Freezes Below O°C

Solutes (sugars, salts) lower wases freezzing point, to water, requiring colder
temperatures to freeze. This principle used to create in smooth, creamy texture by
preventin crysttls laarge ic ice aystlenk. Adding salt to bath mss it even colder.

PHYSL BIOLOGY & FOUTION DYNAMICS VISUALIZATION

Figure 5.8 Freezing point depression in food preservation

5.4.2 Pharmaceutical formulations and drug delivery

In pharmaceuticals, colligative properties are crucial for designing stable formulations. For
example, osmotic pressure is-used in controlled drug delivery systems, where water influx
regulates the release of medication. Cryoprotectants are also added to vaccines and injectable
drugs to maintain stability during storage.

By applying colligative principles, scientists ensure that drugs remain effective and safe under
varying conditions.

Fill in the blank: Osmotic pressure is used in pharmaceutical systems to regulate the of
medication.

)
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OSMOTIC PUMP DISLIVERY SYSTEM
SYSTEM:

Precision Controlled-Release Medicine

1. Semi-Permeable

Membrane —\l

Drug Release
/ Orifice
@
3. D
Drug Resewor- @ |® Drug Reservor
e
I\— Controlled Drug

2. Osmotic Layer / Release
(salv)
Mechanism Key Features
1. Water enters osmotic layer e Constant Release Rate
2. Layer expands, creating pressure. e Extended Duration (24+ hrs)
3. Pressure pushs drug out slowly. e High Patient Compliance

KEY TAKEAWAY: Osmotic pumps provide reliable, zero-order release kinetics for improved

therfuance tic human body.

Plate 5.3 Osmotic pressure in drug delivery systems

5.4.3 Environmental and medical relevance

Colligative properties also have wide environmental and medical relevance. In cold climates, salt
is spread on roads to lower the freezing point of water and prevent ice formation. In medicine,
osmotic pressure explains how intravenous solutions must be isotonic to avoid damaging red
blood cells.

These examples show how the same principles studied in chemistry laboratories are applied to
solve real-world problems.

Fill in the blank: Intravenous solutions must be to prevent damage to red blood cells.

Applications of colligative properties in environment and medicine
Environmental Applications

o  Antifreeze in vehicles: Ethylene glycol lowers the freezing point of water, preventing
radiator fluids from freezing in cold climates.

e De-icing roads: Salt (NaCl, CaCl:) lowers the freezing point of water, helping melt ice
on roads.

e Preservation of food: High solute concentrations (e.g., sugar in jams, salt in pickling)
reduce water activity, inhibiting microbial growth.
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e Water purification: Osmosis and reverse osmosis are used in desalination plants to
remove salts from seawater.

Medical Applications
o Intravenous (IV) solutions: Isotonic saline (0.9% NaCl) prevents osmotic shock to-red
blood cells.
e Treatment of edema: Hypertonic solutions draw excess water out of swollen tissues via
0SmOosis.

e Cryopreservation: Addition of solutes lowers freezing point, protecting biological
samples (cells, tissues) during storage.

e Drug delivery: Osmotic pressure principles are used in controlled-release medication
systems.

Pilot questions 5.4

Explain how freezing point depression is applied in food preservation.

State one example of colligative properties used in pharmaceutical formulations.
Describe the role of osmotic pressure in drug delivery systems:

Explain why salt is spread on icy roadsin winter.

State why intravenous solutions must be isotonic in. medical practice.

uhwnNR

Series Summary

This Series has explored the principles of colligative properties and their importance in both
chemistry and biochemistry.dts purpose has been to show how solution behaviour depends on
the number of solute particles and how these effects underpin processes in everyday life,
industry, and biological systems. By connecting theory with practice, the Series has highlighted
the relevance of colligative properties to food preservation, drug delivery, and cellular stability.

We began with the fundamentals of colligative properties, including vapour pressure lowering,
boiling point elevation, freezing point depression, and osmotic pressure. We then examined their
thermodynamic basis, linking them to Raoult’s law and mathematical treatments, while also
considering real-world deviations. Following that, we applied these concepts to biochemical
systems, focusing on osmosis, plant cell turgor, and cryoprotection. Finally, we looked at case
studies and industrial applications such as food preservation, pharmaceuticals, and medical
relevance. In line with the Series Learning Outcomes, you should now be able to define and
describe colligative properties, analyse their thermodynamic basis, explain their role in
biological systems, and apply them to practical and industrial contexts.

Concept Check Questions [Series 5]

Objective Questions

1. Define colligative properties. (Linked to SLO 5.1)
2. State Raoult’s law in relation to vapour pressure lowering. (Linked to SLO 5.3)

-

Do)
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Write the equation for boiling point elevation. (Linked to SLO 5.2)

Write the equation for freezing point depression. (Linked to SLO 5.2)

State the van’t Hoff equation for osmotic pressure. (Linked to SLO 5.4)

Define the van’t Hoff factor. (Linked to SLO 5.6)

Give one everyday example of colligative properties in action. (Linked to SLO 5.7)
State why intravenous solutions must be isotonic. (Linked to SLO 5.5)

Short-Answer Questions

9. Explain why colligative properties depend only on the number of solute particles. (Linked to
SLO 5.1)

10. Describe how solute particles cause vapour pressure lowering. (Linked to SLO 5.3)

11. Analyse why electrolytes produce larger colligative effects than non-electrolytes. (Linked to
SLO 5.6)

12. Explain the role of osmotic pressure in maintaining plant cell turgor. (Linked to SLO 5.5)
13. Describe how cryoprotectants protect biological samples during freezing. (Linked to SLO

5.6)

14. Evaluate the importance of colligative properties in pharmaceutical formulations. (Linked to
SLO 5.8)
15. Explain why salt is spread on icy roads in winter,(Linked to SLO5.7)

Long-Answer Questions
16. Discuss the fundamentals of colligative properties, including vapour pressure lowering,
boiling point elevation, freezing point depression, and osmotic pressure. (Linked to SLOs 5.1,

5.2)

17.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Analyse the thermodynamic basis of colligative properties, linking them to Raoult’s law and

mathematical treatments. (Linked to SLOs 5.3, 5.4)

18.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Evaluate the applications of colligative properties in biochemical systems, focusing on osmosis,

plant céll turgor, and.cryoprotection. (Linked to SLOs 5.5, 5.6)

19.

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.

Assess the industrial and medical relevance of colligative properties, with examples from food

preservation, pharmaceuticals, and isotonic solutions. (Linked to SLOs 5.7, 5.8)

-

Do)

Basic response: Based on Series-only knowledge.
Value-added response: For outstanding learners who go beyond the basics.
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Answers to Concept Check Questions [Series 5]

Objective Questions

1.

ounkwN

~

Colligative properties are solution properties that depend only on the number of solute
particles.

Raoult’s law states that the vapour pressure of a solvent is proportional to its/mole fraction.
Th= Kb-m.

Tf=Kf- m

n=MRT

The van’t Hoff factor i is the effective number of particles in solution compared to the expected
number.

Example: Salt lowering the freezing point of water on icy roads.

Intravenous solutions must be isotonic to prevent red blood cell damage:

Short-Answer Questions

9. They depend only on particle number because solute identity does not affect solvent phase
changes.

10. Solute particles occupy surface sites, reducing solvent molecules escaping into vapour phase.
11. Electrolytes dissociate into ions, increasing particle count and magnifying colligative effects.
12. Osmotic pressure maintains rigidity in plant cells by preventing collapse.

13. Cryoprotectants lower freezing point and prevent ice crystal formation that damages cells.
14. Colligative properties stabilise drug formulations and control release in delivery systems.

15. Salt lowers freezing point, preventing ice formation on roads.

Long-Answer Questions

16. Basic response: Colligative properties include vapour pressure lowering, boiling point
elevation, freezing point depression, and osmotic pressure. They depend on solute particle
number.

Value-added response: Learners may add practical examples such as ice cream making,
antifreeze in cars, and molar mass determination.

17.

Basic response: Colligative properties are explained by Raoult’s law and equations for

boiling, freezing, and osmotic pressure.
Value-added response: Learners may add discussion of deviations, van’t Hoff factor, and
applications in electrolyte solutions.

18.

Basic response: Osmosis regulates water balance, osmotic pressure maintains plant cell

turgor, and cryoprotectants stabilise biological samples.
Value-added response: Learners may add advanced examples such as kidney function, embryo
preservation, and vaccine stability.

19.

Basic response: Colligative properties are applied in food preservation, pharmaceuticals,

and isotonic medical solutions.

-

Do)
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Value-added response: Learners may add broader industrial relevance such as environmental
applications, drug delivery systems, and cryogenic storage.

Answers to Pilot Questions [Series 5]

Part 5.1 Fundamentals of Colligative Properties

1. Colligative properties are solution properties that depend only on the number of solute
particles, not their identity.

2. Raoult’s law states that the vapour pressure of a solvent is proportional to its mole fraction.

3. Adding solute particles reduces vapour pressure, so a highertemperature is required to reach

boiling.

4. Solute particles disrupt the formation of a solid lattice, lowering the freezing point of the
solution.

5. t=MRT

6. Everyday example: Salt lowering the freezing point of wateron icy roads.

Part 5.2 Thermodynamic Basis of Colligative Properties

1. Raoult’s law states that the vapour pressure of a solvent is proportional to its mole
fraction, explaining vapour pressure lowering.

2. Boiling point elevation Tb= Kb- m, where Tb = elevation in boiling point, Kb =
ebullioscopic constant, m = molality.

3. Freezing point-depression Tf= Kf- m, where Tf = depression in freezing point, Kf =
cryoscopic constant, m = molality.

4. Osmotic pressure 1 = M R T, where n = osmotic pressure, M = molarity, R = gas
constant, T =absolute temperature.

5. Electrolytes
Dissociate into ions, increasing the number of particles in solution and magnifying
colligative effects.

6. Van’t Hoff factor (i)
Effective number of particles in solution compared to the expected number.
Example: NaCl — Na"+ Cl, soi= 2.

Part 5.3 Applications in Biochemical Systems

1. Osmosis is the movement of solvent molecules across a semipermeable membrane, vital for
water balance in cells.

2. In hypotonic solutions, red blood cells swell; in hypertonic solutions, they shrink.

3. Osmotic pressure maintains turgor in plant cells, keeping them rigid.
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4. Example: Osmotic balance in kidney function.

5. Cryoprotection is the use of solutes to lower freezing point and prevent ice crystal damage in
biological systems.

6. Example: Glycerol used as a cryoprotectant in preserving blood and embryos.

Part 5.4 Case Studies and Industrial Applications

1. Freezing point depression is applied in food preservation, such as adding sugar to fruit syrups or
salt in ice cream making.

Example: Cryoprotectants added to vaccines to maintain stability.

Osmotic pressure regulates drug release in osmotic pump delivery systems.

Salt is spread on icy roads to lower the freezing point of water and prevent ice formation.
Intravenous solutions must be isotonic to prevent red blood cell damage.

2.
3.
4.
5.
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